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ABSTRACT
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Doctor of Philosophy
THz imaging and Microscopy, A multiplexed near-ﬁeld TeraHertz microscope
by J˛ edrzej Szelc
None of the THz imaging techniques developed to date, permits high spatial resolution
spectroscopic imaging at fast acquisition rates. In the classical THz sub-wavelength imag-
ing with a single aperture, the image is composed by mechanically scanning the sample
against a single sub-wavelength aperture. Only one pixel of the ﬁnal image is acquired
for every integration time of a THz photodetector which leads to long acquisition times.
A solution to this problem is a multiple sub-wavelength aperture array – an imaging spa-
tial modulator with each of its sub-wavelength apertures acting as a separate pixel. The
device function is to provide a multiple pixel imaging capability for a single source/single
photodetector THz setup. The increase in image acquisition speed results from the fact
that the signals of all apertures are acquired within one integration time of the THz pho-
todetector. This spatial modulator can also be employed for Far-Infrared spectroscopy,
resulting in a functional THz imaging-spectroscopy system.
The THz modulators optoelectronic performance was thoroughly examined in medium-,
longwave infrared, and THz regimes. This project results in a ﬁrst ever fully functional,
multiple pixel THz imaging microscope. The microscope was used to acquire THz trans-
mission images at λ ≈ 118µm with λ
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Introduction – THz radiation
“Here we go...”
Yuri Alekseyevich Gagarin,
uttered during the launch of Vostok 1
1.1 THz radiation
THz radiation is a loosely deﬁned region of the electromagnetic (EM) spectrum bounded
by the longwave infrared (LWIR) radiation and millimetre waves. This region is often
termed “Tera-” since the electromagnetic frequency of that regime is conveniently ex-
pressed in units of 1012 cycles per second. According to Siegel in [1], the term TeraHertz
is attributed to John Fleming who ﬁrst used it in 1974 when describing the spectral
coverage of a Michelson interferometer. Today TeraHertz is understood as the region of
electromagnetic waves spanning 100µm to 1000µm, [1]. These wavelengths translate
into energy quanta of Ehν = 12.4meV −1.2meV , and correspond to black body emission
peak temperatures of 140K to 14K. Additionally, the optical frequency of ν = 1THz
corresponds to 4meV of optical energy which is 33.3 1
cm wavenumbers, [2].
Figure 1.1 presents a graphical explanation of the THz band position with regard
to its two neighboring spectral regimes — millimeter and longwave infrared (LWIR)
radiation regions.1.1. THZ RADIATION 2
Figure 1.1. – THz Gap
As can be seen, in terms of wavelength, THz is positioned above the upper end of
microwave electronics and below the bottom end of frequencies typical in the “photonic
world”. In contrast to those well researched surrounding electromagnetic bands, THz
radiation remains relatively unexplored. THz spectral boundaries are arbitrarily deﬁned
by various research teams, table 1.1 shows how these values vary across the scientiﬁc
society even today. Some of the research groups include the submillimetre as well as
longwave infrared regimes into the THz radiation “gap”.
Wavelength range [µm] Frequency [THz] Source
3—3000 100—0.1 [3]
10—1000 30—0.3 [4]
15—3000 20—0.1 [5]
30—3000 10—0.1 [6]
30—300 10—1 [7]
30 – 1000 10—0.3 [8]
150—3000 2—0.1 [9]
In this document, here and thereafter two terms: “TeraHertz radiation” (THz radia-
tion) and “ Far-Infrared ” are used exchangeably to describe the electromagnetic region
extending between λ1 = 30µm to λ2 = 1000µm. Additionally, THz radiation will not
be labeled “T-rays” as this is mostly met in the popular science press just to give this
technology some more dramatic “sonority”.
THz radiation, Far-Infrared , has drawn a considerable amount of attention within
the last two decades mainly due to its exceptional, unique properties brieﬂy described
in this and the chapters that follow. In the past, explorations of this spectral band were
limited due to the lack of efﬁcient radiation sources. Although some THz sources (mostly
thermal sources; “radiators” and gas lasers) and detectors were available, for many years,
the exploration of THz was hampered by the lack of reliable, sufﬁciently powerful radi-
ation sources. Today, several companies, among them the most well known TeraView1.2. THZ RADIATION PROPERTIES 3
Ltd and TeraHertz Co. Ltd , have already begun commercializing highly specialized THz
spectroscopy-imaging instruments. The companies’ offer is targeted not only at profes-
sional academic research or government institutions but also at hospitals, private health-
care centers, pharmaceutical and automotive industry.
1.2 THz radiation properties
Occupying a span of frequencies between millimeter and LWIR radiation, THz radia-
tion properties are an intermediate between those taken from millimeter and longwave
infrared. Some excellent reviews of the current state of THz technology and of basic THz
radiation properties are given in [1, 10].
THz radiation can be manipulated by employing techniques similar to those used
within the infrared radiation band. It was demonstrated, however, that for longer wave-
lengths (i.e. λ1  200µm) THz can be handled using techniques which are frequently
met within the millimeter regime, [11, 12]. THz radiation is strongly absorbed by polar
molecules, for instance water, but can easily penetrate dielectric materials. THz exhibits
low Rayleigh 1
λ4 scattering due to its long wavelength nature. At the same time, wave-
lengths typical for THz radiation are much shorter than those corresponding to the mil-
limeter waves (MMW) domain. Thanks to this, THz systems can image targets with far
greater lateral resolution than millimeter wave devices. The most spectacular property of
THz relates to the aforementioned low Rayleigh scattering. A good visualization of this
remarkable property is shown in ﬁgure 1.2, adopted from [13].
Figure 1.2. – THz rays penetrating china pot and being absorbed by water, imaged at
λ ≈ 1.5mm, adopted from [13]1.2. THZ RADIATION PROPERTIES 4
Another impressive example of THz nature was demonstrated by Zhang et al. in [14].
Drawing 1.3 explains that experiment.
Figure 1.3. – Simple THz tomography setup with a Fresnel Lens
Since the focal length f of the Fresnel lens is linearly proportional to the radiation
frequency ν, objects positioned at different distances from the Fresnel lens, obstructing
one another, are selectively imaged by changing the THz radiation frequency. This exper-
iment may help the reader understand that THz can be manipulated using techniques
typical for the photonics/high frequency world of the EM spectrum.
Due to its ability to penetrate visible opaque dielectric materials, THz radiation is
sometimes misleadingly compared to high energy, ionizing X-rays, [8]. There are, obvi-
ously, fundamental differences between those two bands. Firstly, THz radiation, since it
is situated in the non-ionizing part of the EM spectrum, does not pose a hazard for living
tissues (no risk of damaging DNA), [8, 3]. Thus, provided the thermal speciﬁc absorp-
tion rate is below the safety standards, handling of THz is inherently safe, [15, 13, 16].
THz quanta are of very low energy, for instance E1 = 4meV at λ1 = 300µm, which
corresponds to ν1 = 1THz. This makes any THz instrumentation ready to use without
any special safety precautions, typical for X-ray systems. At the same time, the low en-
ergy of THz quanta severely complicates detection of this radiation. This issue is further
discussed in chapter 2. Secondly, THz can image materials which remain opaque for vis-
ible and low in contrast for X-ray radiation. Thirdly, in contrast to X-ray which yields a
density image, THz radiation measurements can bring information about the material’s
chemical properties and reveal structural images of the samples examined. The unique
rotational and vibrational modes, of many molecules fall within the THz radiation fre-
quency range. Thus, the investigation of these resonances is possible with THz radiation.1.3. THE MOTIVATION – TOWARDS THZ MICROSPECTROSCOPY... 5
Section 2.1 chapter 2 describes some of the most interesting applications of THz systems.
1.3 The Motivation – Towards THz microspectroscopy...
As brieﬂy sketched in the preceding sections, THz has great potential in various scien-
tiﬁc ﬁelds. In such branches of science as chemistry, medicine, electronics, astronomy,
material science or semiconductor physics THz might become a powerful research tool
or remain just a valuable addition to the already existing arsenal of scientiﬁc methods.
THz science is gaining momentum. At this point however, the beneﬁts of the THz band
cannot be fully harvested without certain complementing elements. Among those, we
can specify spatial modulators for fast imaging and microscopy.
This project aims at developing a spatial THz amplitude modulator with a near-ﬁeld
spectroscopic imaging capability – a ﬁrst, truly real-time microspectroscopy imaging de-
vice. To the author’s very best knowledge, such a device has not been proposed else-
where.
This project is a natural continuation of work carried out by Prof. Harvey Rutt and Dr.
Carsten Gollasch. Their efforts, led to the development of a functioning THz modulator
pre-prototype. This device, fabricated by INNOS, will serve to demonstrate the “proof-of-
principle” of the modulator concept. My work involves researching the actual device in
order to deepen our knowledge of its performance.
1.4 Thesis structure
A general overview of THz technology is given in chapter 2 starting from section 2.1. The
aim of this part of my Thesis is to provide the reader with some relevant information on
the project background. The background chapter covers: review of the fundamentals of
THz radiation generation and detection methods; a brief description of THz optics; THz
imaging systems and instrumentation for THz manipulation developed by other research
teams; THz near-ﬁeld imaging techniques. This review continues in sections 2.4 and 2.5
with a brief summary of the most important THz applications. Section 2.5 closes the
chapter explaining the design and concept of operation of the currently developed THz
modulator.
Chapter 4 presents the results of some of the most important experiments and tests1.4. THESIS STRUCTURE 6
carried out in this project. Those included: a Series of THz modulator electronic and
optoelectronic tests using medium and long wave infrared radiation as well as THz;
The electronic properties of a THz modulator are described and thoroughly analyzed
in chapter 5. The chapter contains not only a discussion of the semiconductor structure
properties, but also experimental results of various tests of the modulator copies and
simulations of its structure.
Chapter 3 is entirely dedicated to the transmission tests of sub-wavelength apertures
characterized for TeraHertz radiation.
As an additional element of my PhD work, a programmable, multiple channel elec-
tronic driver for the THz modulator was designed and built. The device and its charac-
teristics are described in chapter 6.
A summary of the thesis including conclusions and additional ideas regarding the
future of this entire project are given in chapter 7.
Additional appendices comprise relevant equations, formulae, photos and charts which
may be useful to the reader.
The drawings included into this thesis were prepared by the author on the basis of
the relevant scientiﬁc papers, documents etc. Photos, drawings and diagrams that were
adopted from literature are clearly referenced in their associated captions.Chapter 2
Background
“Stealing from one author is plagiarism.
Stealing from more than three is research. ”
David Hare
In this chapter the physics background of the project will be brieﬂy described. A
discussion of a multiple sub-wavelength, THz imaging modulator given in section 2.5
closes this chapter.
2.1 THz science and technology
2.1.1 THz radiation sources and detectors
In this review, only photonic, widely tunable THz radiation sources are described in
detail.2.1. THZ SCIENCE AND TECHNOLOGY 8
THz radiation sources
According to [16] the ﬁrst experiments with the THz radiation date back to 1890. Those
early explorations of the THz electro-magnetic electromagnetic regime were performed
by Heinrich Reubens and Ernest Nichols using a black body radiation source and bolome-
ter detector. In the second half of the 20th century, THz radiation sources were mostly
thermal radiators, harmonic generators, backward wave oscillators, electronic frequency
multipliers, or optically pumped lasers, [11, 17, 17, 18, 19]. Some of those instruments
prove useful also today due to their speciﬁc characteristics, [17, 13, 20]. In this project
a narrowband, tunable Far-Infrared radiation source – FIRL-100 optically pumped gas
laser manufactured by Edinburgh Instruments – is used for generating the THz radiation.
The FIRL-100 generates up to PL = 150mW of optical power for λ ≈ 118µm.
Figure 2.1 presents a power-frequency diagram of the contemporary THz radiation
sources. From the graph, the origin and signiﬁcance of the THz gap can be understood.
It is instructive to know that the limitation of the THz electronic radiation sources stems
from scaling the devices down, [2, 21]. As reported in [10], three major trends in devel-
oping THz radiation sources can be identiﬁed: Optical THz Generation with non-linear
crystals; THz Quantum Cascade Lasers and electronic frequency mixers.
Figure 2.1. – Comparison in peak power-to-frequency performance of modern THz ra-
diation sources. Blue colour marks electronic sources. The red ovals are
for the photonic subset of THz sources
Until the late 70’s and the pioneering work of D. Auston and M. Nuss, [22], which2.1. THZ SCIENCE AND TECHNOLOGY 9
resulted in the development of a Photoconductive Antenna (PCA)1, heterodyne detection
of the THz radiation was mainly possible for wavelengths λ ­ 500µm, while for the
shorter wavelengths coherent detection2 was restricted to a relatively narrow range of
several wavelengths available using the THz gas lasers, [23]. According to [24], PCAs
were born from the efforts to send ultrashort pulses down a transmission line. It was
quickly realized, though, that such excited transmission lines emitted pulses, since the
time varying electric current can radiate electromagnetic pulses.
In its current form a THz photoconductive antenna emitter consists of two metal
electrodes deposited on a highly resistive semiconductor layer. The construction of a
photoconductive antenna – “Auston” gated switch – is shown in ﬁgure 2.2.
Figure 2.2. – Photoconductive antenna as designed by Auston et al. in [22]
The electrodes – sometimes referred to as “Grischkovsky Electrodes” after their inven-
tor, [15] – are biased up to ≈ 100V , however a potential of 18V is sufﬁcient for emitting
the THz radiation pulses, [24]. Typically, PCA electrodes are separated by 30 − 60µm,
[24]. A femtosecond, usually near-infrared (λ ≈ 780nm), laser pulse is focused on the
semiconductor surface between the electrodes. Locally excited photocarriers bridge the
gap between the electrodes. This leads to a rapid change in the electric ﬁeld resulting
in a short pulse of THz radiation. In this conﬁguration, a photoconductive antenna be-
haves like a Hertzian dipole, [25]. The amplitude of the emitted electromagnetic pulse
is proportional to the time derivative of the transient, laser-excited photocurrent and
gap between the antenna’s electrodes (effective length of the dipole). In essence, the
1Sometimes termed “Auston Switch” after the inventor
2By coherent detection the author understands the ability of the system to detect the electric ﬁeld am-
plitude and phase. The coherent detection is analogous to the detection technique used in superheterodyne
radio receivers.2.1. THZ SCIENCE AND TECHNOLOGY 10
generation of radiation pulses comes from the ﬂow of electric charge3. The ultra short,
femtosecond THz pulse corresponds to an extremely broadband frequency span. The lat-
ter is particularly useful in spectroscopic analysis, as it allows us to collect wide spectra
with just one, rapid burst of THz radiation. Every PCA requires a separate femtosecond
laser source, for instance Titanium Sapphire or ﬁbre optic lasers, which, although expen-
sive, allow to carry out time-resolved studies of rapidly changing THz phenomena, [24].
The relation between the width of the THz frequency pulse and time duration of the fem-
tosecond pulse is in practise: ∆t · ∆ω ­ 0.5, [2]. The power emitted by PCA depends on
the laser pulse and bias across the PCA structure, while from the semiconductor physics
point of view, the power efﬁciency for this device is directly proportional to carrier mo-
bility, [15]. The emitters can have moderately high peak powers reaching tens of µW or
even several mW, but the output power is limited by the surface currents. Usually, PCAs
emit over a 0.1THz to ≈ 1.5THz frequency range with a peak power occurring around
≈ 500GHz, [5]. PCAs can, however, emit electromagnetic radiation of frequency up to
ν = 5THz (λ = 60µm), [24]. The speed of the PCA (high frequency limit) is set by the
speed of the photocurrent response, [5]. A thorough analysis of THz PCA antennas is
given in [15, 2].
The alternative, yet very often met and widely researched, method of THz pulse gen-
eration involves nonlinear optical techniques. Three second order nonlinear processes
are used for THz manipulation: optical rectiﬁcation, difference frequency mixing (DFM)
and parametric ampliﬁcation, [27, 28, 29].
Optical frequency rectiﬁcation (electro-optic rectiﬁcation) for THz generation is based
on the inverse electro-optic (E-O) phenomenon discovered in 1962 by Bass et al. and de-
scribed in [30]. Optical rectiﬁcation is a difference frequency mixing and occurs in media
with large second order susceptibility, [31, 18, 32, 33]. In this approach, femtosecond
lasers are also used for generation of THz pulses, but in contrast to photoconductive
switches, here the laser pulse energy is directly converted to the THz pulse energy. This
process is schematically shown in ﬁgure 2.3.
The near-infrared radiation pulse impinging onto an electro-optic crystal (non-linear
medium) can be down-shifted in frequency. The generated THz pulse is the envelope
of the optical pulse, [31]. The conversion efﬁciency of the THz electro-optic crystals
3As explained in [26], the direction of the charge transfer determines the polarity of the emitted pulse.2.1. THZ SCIENCE AND TECHNOLOGY 11
Figure 2.3. – Electro-Optic rectifying for THz generation
depends primarily on the material’s non-linear coefﬁcient and the phase-matching con-
dition, [18]. However, as shown experimentally, emission strength and pulse bandwidth
for a crystal have a reciprocal relationship, [2]. From [5] we learn that the power conver-
sion efﬁciency4 of E-O cells and PCA emitters are: ≈ 10−7% and ≈ 0.015%, respectively.
The electro-optic conversion is therefore of low efﬁciency, generating less power than
PCAs. When compared with the gated antennas, the advantage of E-O cells lies, how-
ever, in greater bandwidth which is limited by the crystal’s non-linear response, [18, 32].
Paper [24] mentions THz pulses of peak frequency of up to ν = 100THz for E-O rec-
tiﬁcation systems. In electro-optic rectiﬁcation, the pulse bandwidth for THz generation
is determined by the pulse shape of the drive pulse’s envelope and optical phonon reso-
nances, [2]. For high bandwidth purposes 10mm thick crystals are used, [24]. Currently,
for electro-optic rectiﬁcation cells Zinc Telluride, GaAs and Lithium Nobiate crystals are
most commonly used, [34, 5].
An important advantage of non-linear Difference Frequency Generation for THz gen-
eration is that it does not require femtosecond radiation sources. Difference frequency
generation achieved via quasi-phase matching can be accomplished utilizing nanosecond
or even continuous wave sources, [27].
MgO : LiNbO3 Parametric optical oscillators (Optical Parametric oscillators (OPO)
or TeraHertz Optical Parametric Oscillators (TPO)) for the THz region have been re-
4The power conversion efﬁciency is deﬁned differently for the E-O cells and PCAs. For the former its THz
power out over drive power, while for the latter the output power is also related to the bias source.2.1. THZ SCIENCE AND TECHNOLOGY 12
ported to provide 10mW of peak power. Tonouchi in [10] reports on a THz parametric
generator capable of producing up to 1W of peak power with line width of less than
100MHz and tunable within 0.7 − 3THz. A great advantage of parametric oscillators
lies in their reliability, turn-key operation, wide tunability, room-temperature operation
and ability to generate many wavelengths which is impossible to achieve by conventional
radiation sources [35, 27]. One common disadvantage of OPOs is the low speed of tun-
ability, some attempts have been made to improve this, [36]. For THz generation with
difference frequency mixing (DFM) based on quasi-phase matching DAST5, GaSe, GaAs,
ZGP6 and GaP crystals have been successfuly used, [29, 28, 38, 37].
The THz radiation region can also be “accessed” from its low frequency, sub-millimetre
end by adopting electronic radiation sources developed for millimetre wave band. Back-
ward Wave Oscillators (BWO) belong to the group of the oldest electronic THz radiation
sources. In this classical electro-vacuum device electrons emitted using a hot cathode
are sent towards the anode through a comb-like decelerating structure, also known as
“the slow-wave structure”, which acts like a microwave ﬁlter with passbands and stop-
bands , [21, 39, 17]. The electrons, collimated using an external magnetic ﬁeld, are
grouped periodically in bunches and form an electromagnetic wave traveling in the op-
posite direction to the electrons (hence the expression: backward wave). The electrons
are dumped on the anode, while the backward electromagnetic wave is coupled into a
curved waveguide and guided outside the device. The output frequency depends on the
electron speed, which is determined by the voltage applied between the electrodes, and
also on the size and shape of the slow-wave structure which controls the magnitude of the
decelerating ﬁeld. BWOs operate in a continuous wave emission mode, are considered
to be low noise and stable radiation sources, with very good wavefront quality allowing
tight beam focusing for high spatial resolutions, [21, 39]. BWOs are frequently used as
radiation sources in THz imaging, [17]. Another important advantage of BWOs relates to
the fact that BWOs can be electronically tuned within the range of 30% of the fundamen-
tal frequency. Additional advantages include high spectral coherence and large degree
of polarization of the emitted radiation. An excellent review of BWO devices is given in
[21]. For THz research, Backward Wave Oscillators can be useful within the frequency
5Dimethylamino-4-N-methyl-stilbazolium Tosylate, [37]
6Zinc Germanium Phosphide, [38]2.1. THZ SCIENCE AND TECHNOLOGY 13
range between 100GHz to ≈ 1500GHz. Using BWOs for shorter wavelengths (larger
frequencies) requires scaling down the slow-wave structure. This, however, imposes con-
ﬂicting requirements on the electrical and geometrical parameters of the extremely high
precision slow-wave structure, [21]. BWOs for shorter wavelengths are therefore very
difﬁcult to make. Additionally, shortwave BWOs require stronger magnetic ﬁelds (of-
ten generated by large external electromagnets) and operate with signiﬁcantly larger
electron currents, which requires water cooling. The total mass of a water cooled BWO
operating at λ ≈ 200µm can exceed 100kg, [21]. Another two disadvantages concern the
unit price and short lifetime. BWO are becoming less popular for THz generation7 and
nowadays direct frequency mixers based on IMPATT, Gunn diodes and also frequency
multipliers are the most frequently used electronic THz radiation sources, [40, 21]. THz
frequency doublers were reported to generate as much as 100mW at ν = 150GHz, [41].
The power efﬁciency, however, drops rapidly with frequency: at ν = 260GHz the average
emitted power is no higher than 10mW, [42, 41, 43]. Commercially available frequency
triplers or quadruplers are capable of generating 20µW of average power for optical
frequencies up to ν < 1.3THz, [41].
THz detection techniques
If compared to techniques employed for shorter wavelengths, detecting THz waves is
signiﬁcantly more difﬁcult due to the lower photon energies (1 ÷ 10meV ). In the past,
the primary technique of THz detection relied on cryogenically cooled bolometer detec-
tors. Such detectors functioned by registering the heating effect of the impinging beam
on the bolometer element. Thus, THz bolometers were incoherent detectors registering
only incident power. This detection scheme was complicated by the fact that the broad-
band blackbody radiation at room temperature overwhelms any power radiated at THz
frequencies using thermal radiation sources, [5]. Additional difﬁculty in detection with
thermal detectors stems from the fact that so far few methods exist to generate THz ra-
diation at really high (hundreds of mW) power levels to allow good SNR ratios. Hot
Electron Bolometers (HEB) represent a speciﬁc class of the THz bolometer detectors that
offer very high sensitivity and large bandwidth. THz HEB can utilize Indium Antimonide
InSb (spectral response: 100µm−5µm according to [44]) or super-conducting Niobium
7According to [21], in 1998 THz BWOs were manufactured only in Russia.2.1. THZ SCIENCE AND TECHNOLOGY 14
Nb elements (spectral response: 5µm − 3µm, [45]). A magnetically enhanced, InSb hot
electron bolometer is used in this project. The device’s peak spectral response was cus-
tom tuned to match the FIRL-100 emission line of λ = 118µm, [46]. Other thermal
detectors used in the past for the THz research were pyroelectric detectors and Gollay
cells, [4].
Non-thermal detectors that can be used for THz detection include: Quantum Well
Infrared Photodtectors (QWIP), extrinsic semiconductors, quantum dots, [1, 4]. An ex-
cellent review of current and potential future THz detection techniques is provided in
[1].
Two very common coherent detection methods will be discussed in greater detail be-
low. As explained in section 2.2, these methods are very frequently used for THz imaging.
Photoconductive antennas described previously as promising THz radiation sources,
are also used for THz radiation detection in a reversed conﬁguration: the induced time-
dependent voltage across the antenna gap is measured by shorting the electrodes with
femtosecond optical pulses and monitoring the collected instantaneous, temporal charge.
The detection process involves reconstructing the received THz pulse by sampling its am-
plitude and thus the entire operation is often termed: “sampling”. If a PCA is used as a
detector the position of the spot of the femtosecond laser changes – for emitters the laser
spot would be focused very close to one of the two electrodes, whereas for PCA-receivers
the laser is usually focused in the middle of the gap between the electrodes. Some PCA
THz receivers, however, can operate with non focused laser beams, [24]. The antenna
design and properties of the semiconductor are critical for the operation of a THz PCA
detector. To sample the THz electric ﬁeld with high temporal resolution, the response
time of the semiconductor must be shorter than the change in the THz ﬁeld, [2]. Ion im-
planted Silicon on Sapphire and low temperature grown GaAs are most commonly used
in PCA detectors thanks to their optimal values of high carrier mobility and short carrier
lifetimes, [2]. Thus, the typical carrier lifetimes for this application are below < 1ps. An-
other important parameter of every PCA detector is its antenna length. As explained in
[2] larger length between the antenna electrodes results in greater antenna sensitivity,
but only if the antenna length remains much less than the THz wavelength (Hertzian
dipole). Longer antennas have resonances leading to strong frequency dependence.
Similar to the photoconductive antennas, the principle of Electro-Optic detection of2.1. THZ SCIENCE AND TECHNOLOGY 15
THz pulses relies on the reversed emitter-receiver conﬁguration, where a second non-
linear crystal is used as a detector. Normally, GaP and ZnTe crystals are used as detec-
tors, [28]. The crystals used for electro-optic sampling are most often 0.5 − 1.0mm thick
ZnTe crystal of < 110 > orientation. The complete Electro-Optic THz imaging system
is sometimes, misleadingly, termed Free Space Electro-Optic Sampling (FSEOS), [5, 32].
The term, however, refers to the THz radiation sampling/detection technique. A typical
FSEOS arrangement, consisting of a rectifying and free space sampling crystal, is shown
in ﬁgure 2.4.
Figure 2.4. – Free space Electro-Optic rectifying-sampling set
In this arrangement, the THz pulse and a near-infrared probing beam are focused
onto a crystal. While impinging on the crystal THz pulses induce birefringence by virtue
of the Pockels Effect, [47]. This birefringence is read out by linearly polarized near in-
frared radiation. When the near-infrared beam and the THz pulse are sent through the
crystal at the same time, the near infrared polarization will be rotated by the THz radia-
tion induced birefringence, [5, 32, 31].
As is the case with the photoconductive antennas, the instantaneous amplitude of
the THz electric ﬁeld is “sampled” by varying the arrival time of the near-infrared pulse.
An optical scanning delay-line is therefore an integral part of a complete system. Figure
2.5 presents the basic arrangement for a scanning-delay line setup. Mirrors M1 and M2
form the delaying block introduced to vary the arrival time for the NIR radiation pulses.
By changing the length of the optical path for the NIR laser beam, the detector can
be gated at various time points, successively acquiring the THz pulse’s instantaneous
amplitude. The resolution with which the THz pulse is reconstructed depends on the2.1. THZ SCIENCE AND TECHNOLOGY 16
Figure 2.5. – Scanning-delay line
duration of the NIR laser pulse, [5]. Figures 2.6(a) to 2.6(c) schematically present the
mapping of the electric ﬁeld of a THz pulse. The drawings present the scheme for the
gated photoconductive antenna, but the same detection principle can be utilized with
the electro-optic systems8. This will be further discussed in section 2.2 when describing
THz imaging arrangements.
2.6.(a) Gated photoconductive switch - t0
2.6.(b) Gated photoconductive switch - t1 2.6.(c) Gated photoconductive switch - t2
Figure 2.6. – Gated photoconductive detection scheme
8hence, the expression: Electro-Optic Sampling2.1. THZ SCIENCE AND TECHNOLOGY 17
Finally, after a full sweep the THz pulse is reconstructed (sampled, mapped) as shown
in ﬁgure 2.7, and the frequency spectrum can be calculated.
Figure 2.7. – THz reconstructed proﬁle
The complete information about the THz pulse electric ﬁeld – amplitude and delay
(phase) – is obtained. This fully coherent detection scheme — typical for PCAs as well as
the E-O method — yields the sample’s refractive index and absorption coefﬁcient, [8, 31].
Also, as pointed out in [2], the advantages of this THz detection scheme include coverage
of more than a decade of frequency range, which enables spectroscopic characterization.
Most of the commercially available THz instrumentation, such as for instance: the TPS
Spectra 3000 and TPI Spectra 1000/2000 offered by TeraView Ltd. or mini-Z 1000 THz-
TDS system by Z-omega THz Corp., are based on this proven design, [48, 49, 50].
Table 2.1.1 gives a general comparison between the electro-optic and photoconduc-
tive THz generation/detection methods. The table was prepared on the basis of [5, 32].
Electro-Optic Electro-Optic Photoconductive Photoconductive
Emitter Detector Emitter Detector
Lower Power Lower sensitivity Higher Power Higher sensitivity
Higher Bandwidth Higher Bandwidth Lower Bandwidth Lower Bandwidth
Real-time Real-time
Easy to align Difﬁcult to align
Much equipment Less equipment
Stable Less stable
Real time imaging (No real time imaging)2.1. THZ SCIENCE AND TECHNOLOGY 18
THz radiation sources and detectors — Summary
Two excellent reviews of non-linear, electro-optic THz generation/detection methods can
be recommended: [27] by Wang and [33] by Schneider et al. A discussion with compar-
ison between electro-optic and antenna generation/detection methods can be found in
[32].
Table 2.1.1 gives a brief comparison between currently used THz radiation generation
techniques. The table was compiled on the basis of [18, 34, 32, 39, 40, 21, 51, 52, 53,
36, 27, 41, 42, 28, 29, 37, 38, 20, 54, 43, 17].
Technique Average Power Useable Range Tunability Operation
OPML 100mW 0.3 − 10THz Lines CW or Pulsed
EO 20mW < 4THz Limited Pulsed
PCA 40mW < 2THz Limited Pulsed
BWO < 100mW 0.1 − 1.5THz 30% of νcentre CW
OPO mW 0.9 − 5THz wide, continuous CW
OPA mW 0.65 − 7THz wide, continuous pulsed (possible CW)
DMS µW 0.1 − 1.3THz 10 − 15% of νcentre CW
where:
– OPML – Optically Pumped Molecular Lasers,
– EO – Electro-optic methods: E-O Rectifying and Free Space E-O Sampling,
– PCA – Photoconductive antennas,
– BWO – Backward wave oscillators,
– OPO – Optical Parametric Oscillators (TPO – THz Parametric Oscillators),
– OPA – Optical parametric ampliﬁers,
– DMS – Directly multiplied sources,2.1. THZ SCIENCE AND TECHNOLOGY 19
2.1.2 THz manipulation
In principle, THz radiation can be manipulated using techniques very similar to those
developed for the longwave infrared radiation. Potential problems that a designer of
THz/FIR optics faces include: diffraction due to considerably longer wavelengths, at-
tenuation by atmospheric air due to water content, chromatic aberration9, the spatial
proﬁle of the ﬁeld pattern needs to match that of the detector. In practice, to circumvent
some of the above mentioned problems, reﬂective optics is commonly used in THz broad-
band systems. Concerning refractive optics, materials such as TPX lenses are most often
met in the laboratory setups, [9, 55, 11]. Other lens/window materials include: molded
Polyethylene, PTFE, Picarin, IRTRAN-4, KRS-5, crystalline quartz, [11]. The usefulness
of KRS-5 is limited to below λ = 40µm according to [11]. Silicon and PET were reported
to have been used for far-infrared beam splitters, [56]. Graph A.1 in appendix A presents
the transmission properties of some of the aforementioned materials.
From [11] we also learn that THz beams can be guided using reﬂective metal tubes
termed “light pipes”. This simple device relies on high reﬂectivity of metals within far
infrared. A THz beam is introduced into a “light pipe” and, while experiencing multiple
reﬂections from its surfaces, is guided down the tube. This way of guiding radiation
is cheap, and such an optical duct can easily be purged with nitrogen gas to reduce
any water vapour related absorption of the THz radiation. A tapered light pipe can act
as a light condenser for focusing Far-Infrared radiation onto a detector, [11]. As the
dimensions of the light pipe are much larger than the guided wavelengths the ray optics
approach can be used to describe the propagation of radiation. For a proper waveguide
structure, which dimensions are comparable to the wavelength of the guided radiation,
the wave description, considering the frequency of guided light, is required.
THz pulses cannot be guided using waveguides typical for microwave technology
because of high losses caused by ﬁnite conductivity of metals, [57]. Classical ﬁbre optics
are also of limited help for THz waveguiding due to the inherently large absorption that
would lead to large optical losses over long distances. A very interesting solution for
THz guiding was suggested by Mittlemann et al. in [12, 57] where THz pulses were
coupled into a metal wire. From the paper we learn, that because of the low exposed
surface area of metal wires, the attenuation of THz pulses is much smaller than for any
9This is typical for THz-TDS systems were bursts of broadband THz radiation are used.2.1. THZ SCIENCE AND TECHNOLOGY 20
of the previously mentioned guiding structures. A metal wire based Y-splitter and 90o
direction coupler were demonstrated, [57]. Practical tests carried out by Grischkowsky,
[58], have shown, however, that the transmitted THz pulses exhibit rapid amplitude drop
with increased wire curvature. This fact signiﬁcantly limits any potential applications of
THz wire guiding.2.2. THZ IMAGING TECHNIQUES 21
2.2 THz imaging techniques
The ﬁrst realization of THz imaging10 was proposed by Hu et al. in [55]. In his de-
sign, images are composed by raster, point-by-point, scanning of the sample, [55, 8, 59].
Drawings 2.8(a) and 2.8(b) present two arrangements of this scanning-imaging device:
in the former, Electro-Optic rectifying/sampling cells are used, whereas in the latter THz
is generated and detected by virtue of the photoconductive switches. This simple optical
setup conﬁguration is most frequently used by various research groups for THz studies,
[16, 60, 61, 15, 62, 13, 55]. FSEOS imaging is also characterized by greater temporal
resolution than PCAs. Additionally, as discussed on page 22, electro-optic conversion is
the only method that enables real-time, large format, quasi-spectroscopic imaging, [63].
2.8.(a) Electro-Optic effect imaging setup
2.8.(b) Photoconductive antenna setup
Figure 2.8. – Two basic realizations of imaging with THz light
As already mentioned in the preceding section, both these imaging techniques pro-
10This device is also considered to be the ﬁrst THz time domain spectroscopy system, its operation is
explained later in section 2.4.12.2. THZ IMAGING TECHNIQUES 22
vide coherent, time-resolved detection of the emitted THz pulses.
The THz-TDS setups usually involve long acquisition times, often reaching tens of
minutes, for moderately large – 200 by 200 pixels – images, [39, 59]. Some improve-
ments have been introduced within the last decade to increase the imaging speed up to
33
pixel
s , as obtained by [17]. One of the solutions involved ﬁtting the scanning mirror
onto a translation stage oscillating with a frequency of f < 150Hz. With this imaging
rate, a 100 by 100 pixel picture can be composed within “just” 5 minutes. Still, however,
the raster-scanning method precludes imaging of any non-static events. Several groups
have also experimented with Quantum Cascade Laser based THz real-time imaging se-
tups, [64, 65]. Two arrangements are possible: reﬂection and transmission mode, the
detection is completed with a micro-bolometric LWIR camera. Those THz imaging de-
vices – described later in greater detail in this chapter – lack the spectroscopic capability,
however. Another disadvantage of this transmission-mode imaging concept is that the
target’s thickness should not exceed the Rayleigh range for the given wavelength.
In 1996 an important breakthrough in the ﬁeld of THz imaging was reported by
Zhang et al. in [63]. Figure 2.9 presents the ﬁrst “real-time” THz imaging device. This in-
vention is particularly important as it allows some quasi-spectroscopic imaging-measurements.
Some interesting examples of the THz spectroscopy-imaging with Zhang’s setup, are pre-
sented in section 2.4.1 later in this chapter.
Figure 2.9. – “Real-Time” imaging system by Zhang et al.
where: Polarizer – Polarizer; A – Analyzer; BS – beam splitter; ZnTe – imaging
crystal; CCD – Charge Coupled Device , imaging array; Ob – object being imaged; 780nm
– probing beam;
The device uses a large area ZnTe crystal that exhibits a strong Pockels effect. An2.2. THZ IMAGING TECHNIQUES 23
imaged sampled is illuminated with a THz radiation beam. After passing through the
sample, the radiation beam carries information about the object’s THz absorption pro-
ﬁle. That beam induces a transient polarization in the sensor crystal, which subsequently
results in induced birefringence, [63]. The birefringence maps out the object’s THz im-
age. This spatial information is retrieved with a short infrared,λ = 780nm, probing beam
merged with the THz beam. A CCD array and a linear analyzer are situated in close
contact with the crystal. The camera records the contrast image revealed by the probing
beam. The area being imaged depends on the CCD sensor’s dimensions. A full frame
readout time of 0.133s was reported for this system, [63]. Usami et al.,[66], have signif-
icantly modiﬁed the setup by ﬁtting additional focusing optics and introducing coherent
detection, [66]. The researchers have also demonstrated that, if calibrated, the system is
capable of spectroscopic measurements over a limited range of frequencies.
The setup’s major disadvantage relates to the spatial non-uniformity of the expanded
THz beam and ZnTe crystal. In order to avoid any image distortions, a reference, sample-
free image is subtracted from a sample scan to yield the corrected image, [66], this is
shown in ﬁgure 2.10. This additional image post-processing and pre-scan complicate
image acquisition making the complete system less practical in use.
Figure 2.10. – Image non-uniformity correction, a reference free-space scan is sub-
tracted from the proper scan to yield the corrected image, [66]
Scanning imaging systems that incorporate synchronous, coherent detection of the
THz radiation offer a very interesting extension to standard 2D imaging mode. In 1997,
Mittleman et al., [67], demonstrated that a THz-TDS system can easily be transformed
into a fully functional tomography set. A 3D image is created by analyzing the temporal
information contained in a reﬂected THz waveform. This is thanks to the fact that the
reﬂections occurring in a coherently recorded waveform represent interfaces between
sample’s subsequent layers. Since then THz tomography has been under intensive devel-2.2. THZ IMAGING TECHNIQUES 24
opment by many research groups, [68, 69, 14, 67, 55, 13]. Figure 2.11 demonstrates the
potential of THz 3D imaging.
2.11.(a) THz 3D imaging, structural image of a
blister pack, ﬁgure to the left presents the cross
section scan, adopted from [16], the scan was
taken with a commercial THz apparatus offered
by TeraView Ltd.
2.11.(b) A child toy imaged within THz using
Quantum Cascade Laser, adopted from [64]
Figure 2.11. – THz tomography
Several research groups reported on using thermal imaging cameras – with LWIR
radiation imaging focal plane arrays based on Vanadium Oxides – for real time imaging
of THz scenes, [70, 71]. The THz radiation is absorbed by a silica wafer positioned in the
focal plane of the thermal camera’s objective lens or absorbed directly by the cameras
imaging array. The impinging THz radiation heats up the glass plate or detecting bolome-
ters. In the former case, the camera effectively images the heat distribution of the illumi-
nated glass plate. Also, the THz power distribution across the plate can be estimated if
the glass plate exposure time and thickness are known. In [70], a 124 by 124 pixel cam-
era in conjunction with the Jefferson FEL laser were used. The result of the experiment
was the ﬁrst ever observation of speckles in a space domain in the THz regime. Addition-
ally, it was shown in the experiment that almost real time (PAL-TV standards) imaging
was possible also with weaker Quantum Cascade lasers with 40mW output power for
ν = 4.9THz. The authors also claim that ν = 4.9THz could allow to create THz images2.2. THZ IMAGING TECHNIQUES 25
of remote events since that optical frequency has unique atmospheric transmission “win-
dow”, [70]. Similar tests using a micro-bolometer thermal imaging camera were carried
out at Budker Institute of Nuclear Physics in Novosibirsk Russia, [72, 73].
Another reported use of a micro-bolometer LWIR camera in conjunction with a QCL
working as an active illuminator device is given in [74]. The QCL was operating for
ν = 1.9 − 5.0THz. A QCL working at ν = 4.9THz and LWIR imager were also used to
see if those can be applied to combat terrorism, [75].2.3. THZ RADIATION MODULATOR - STATE OF THE ART 27
2.3 THz radiation modulator - State of the art
Recent years have witnessed intense development of devices for the THz radiation ma-
nipulation. Ongoing research is focused mainly on tuneable frequency ﬁlters and phase-
shifters. There are also a limited number of publications describing THz spatial modula-
tors. This piece of research seems to be a natural consequence of the THz ﬁeld becoming
mature. The study of phase modulators is driven mainly by telecommunication industry
in view of the potential the THz radiation might have for high-speed, high-bandwidth
optoelectronic wireless communication.
Libon et al. in [76] describe an optically controllable “THz ﬁlter”, which is in fact an
electronically driven THz amplitude modulator/attenuator. The GaAs/AlGaAs based het-
erojunction structure exploits the optically generated carrier population to attenuate the
THz radiation. The device utilizes plasma reﬂection edge to modulate the THz radiation.
The researchers argue that for GaAs structure the carrier concentration of 1018 1
cm3 is suf-
ﬁcient to create the plasma reﬂection condition and amplitude modulate the impinging
radiation. The device constructed requires cryogenic cooling, and does not seem to be
suitable for spatial amplitude modulation.
Figure 2.12. – THz radiation modulator
Kleine-Ostmann et al, [77] demonstrated an electronically driven THz modulator that
uses two-dimensional free electron gas to amplitude modulate THz radiation. The struc-
ture of the device was suggested and modeled in [76]. The modulator structure is shown
in ﬁgure 2.12. Two dimensional electron gas, conﬁned at a GaAs/Al0.3Ga0.7As interface2.3. THZ RADIATION MODULATOR - STATE OF THE ART 28
is controlled by externally applied voltage. For a semiconductor such as GaAs, carrier
densities up to 1019 1
cm3 were observed corresponding to plasma frequencies within the
THz range. According to [77] the device construction is based on the technology typical
for high electron mobility transistors. Therefore, the modulator is easy to manufacture.
The device operates at room temperatures.
Grimalsky et al. have demonstrated a Silicon surface oriented P − i − N THz mod-
ulator, [78]. The modulator structure is presented in ﬁgure 2.13. When active charge
carriers are injected into the i-region from p+ and n+ regions.
Figure 2.13. – THz radiation P − i − N modulator
The electron-hole plasma is formed in the i-region. This plasma reﬂects incoming THz
signals. The authors [78] state their surface oriented Silicon modulator is characterized
by high speed, high amplitude modulation (∆m = 80% under high injection conditions),
while the modulator’s structure can sustain large optical powers at up to ν ≈ 2.5THz.
A meta-material spatial THz modulator has recently been reported, [79]. Photonic
meta-materials are characterized by both its permittivity, ε, and permeability, µ, being
negative for incident electromagnetic radiation of a particular frequency, [79]. That op-
tical frequency depends on the design of the meta-material structure. According to [79],
achieving negative µ and ε simultaneously requires speciﬁcally designed metallic struc-
tures often in the form of metallic rings of sub-wavelength size. The metallic rings can
be engineered to exhibit a resonant response with the optical radiation. At optical fre-
quencies near the characteristic frequency of this resonance, ε and µ vary as a function
of optical frequency. Either these two properties can become negative if the resonance is
strong enough.
The THz spatial modulator described in [79] consists of an array of sub-wavelength
metallic ring resonators deposited on top of a thin, lightly doped semiconductor layer.2.3. THZ RADIATION MODULATOR - STATE OF THE ART 29
The specially designed split-ring-resonators (windows) can provide a resonant response
in ε for the electromagnetic radiation in the THz range. This resonance can be electrically
controlled and serves for changing the refractive index of the meta-material. Thus THz
radiation transmission is controlled electronically11. The results of amplitude modulation
are encouraging, with the modulation depth as high as m ≈ 50%, [79]. The device
spectral response is extremely selective, however, and restrained to only one – LC circuit
corresponding – frequency. Additionally, the authors state that the amplitude modulation
is very slow resulting in bandwidth of only few kHz.
11According to the paper, this is however done without achieving a negative refractive index in the THz
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2.4 THz radiation — applications
Two applications are the driving force behind the THz research:
— TeraHertz Spectroscopy,
— TeraHertz Real-Time Imaging and 3D TeraHertz Tomography, both for Medical
imaging,
Much of the research concerning THz spectroscopy is in fact very closely related to
THz medical imaging. As discussed later, medical applications of THz imaging face huge
challenges relating to high THz absorption due to living tissues water content.
Other, unique applications of THz radiation are also referred at the end of this section.
2.4.1 THz radiation spectroscopy
THz spectroscopy is one of the most intensively investigated applications of THz and
signiﬁcant advances have been made in this ﬁeld over the last decade, [80, 24, 13,
55, 19]. Beard et al. deﬁne working region of THz spectroscopy as λ = 15µm to λ =
1mm, [80]. Presently, however, THz spectroscopy is done mainly for ν ≈ 0.5 − 3THz
(λ = 100 − 600µm), [2]. Figure 2.14 explains the position of THz spectrum frequencies
with regard to the molecular transition energies.
The drawing was composed on the basis of a similar chart presented in [16], while[81]
was consulted when revising the graph. The chart gives a good overview of the impor-
tance of THz spectroscopy. THz waves enable crucial spectroscopic studies of complex
molecules, since THz lies within the region that predominantly excites ro-vibrational
modes and extends to the pure rotational modes at lower frequencies, [16]. Many light,
polar molecules, such as water, carbon monoxide, ozone have rotational transition ener-
gies in the THz frequency band, [16, 80].2.4. THZ RADIATION — APPLICATIONS 32
Figure 2.14. – THz regime and corresponding molecular transition energies
Study of water is a major part of THz spectroscopy since water is the main component
of biological tissues. In liquid water the infrared and Raman spectra are complicated
due to vibrational overtones and combinations with librations, [16]. The librations are
understood as restricted rotations. Hydrogen bonding also complicates the infrared or
Raman analysis. Pickwell et al. explain in [16] that since hydrogen bonds are much
weaker than the covalent (intra-molecular) bonds, their bond lengths are much longer
resulting in modes at THz frequencies.
Crystalline molecules were also studied using THz spectroscopy, [16]. The electro-
magnetic radiation of sufﬁciently long wavelength and low energy does not induce any
phase changes or photochemical reactions. The latter is particularly important in phar-
maceutical industry, [16]. Pickwell et al. report on analyzing benzoic acid, 2-,3- and 4-
hydroxybenzoic acid and acetylsalicylic acid, [16]. Although these molecules are struc-
turally very similar, their THz spectra have characteristic differences and amounts as
small as 5 · 10−8 Mole could be detected using THz spectroscopy, [16]. Zhang eta Al.
in [82] discuss THz-TDS studies of isomers 9-cis and 13-cis noting that their vibration
spectra are very different and can therefore be used “as THz ﬁngerprints of the materials”.
These facts conﬁrm the usefulness of THz spectral range in spectroscopic analysis.2.4. THZ RADIATION — APPLICATIONS 33
THz spectroscopy techniques
The following are the main types of THz spectroscopic techniques, [18, 80, 24, 2]:
1. Fourier Transform Far-Infrared spectroscopy,
2. Direct narrow band source measurements – “narrowband” spectroscopy,
3. THz Time Domain Spectroscopy (THz-TDS),
A very broad discussion of potential applications for various THz spectroscopy tech-
niques is given in [24].
One of the most important and also well established techniques for Far-Infrared
spectroscopy has been Fourier Transform Infrared Spectroscopy (FTIR), [11]. A brief
description of Fourier Transform Spectroscopy is necessary before moving further, since
a long wave infrared FTIR spectroscopy setup was used for initial characterization of
the THz modulator chips. Additionally, as explained in section 2.5.2, the THz spatial
modulator can be converted into a sub-wavelength resolution imaging THz spectroscopic
system taking advantage of the FTIR principle of operation.
In Fourier Transform Optical Spectroscopy spectra are obtained using a broadband
radiation source and optical interferometry, usually a Michelson Interferometer, [83].
The Michelson interferometer is formed by two mirrors and a beam splitter. The mirrors
are positioned perpendicularly to each other and the point of intersection of the mir-
rors’ normals sets the beam splitter’s location. A plane electromagnetic wave falls onto
the beamsplitter and is equally divided between the interferometer’s arms. These beams
interfere after being reﬂected from the mirrors. For a given wavelength, the output in-
tensity (interferogram intensity) depends on the path difference between the beams. If
one of the mirrors moves with a given velocity ν, the observed interference signal varies
sinusoidally. The signal intensity is directly related to the moveable mirror instantaneous
position. Thus, the interferogram intensity is given by formula 2.1 given on the following
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If the radiation is polychromatic, the variation in the interference pattern intensity as
a function of the path difference (an interferogram) contains spectral information – the
proper spectrum is computed from the interferogram using the Fourier Transform, [83].
The prime advantage of the FTIR spectroscopy system is known as Felgett’s advantage12
which states that the advantage of the interferometer over the dispersive spectrome-
ter stems from the fact that the former produces the interference pattern for all wave-
lengths of radiation entering the device at the same time. In contrast, the latter analyzes
only one wavelength at a time, [84]. The second important advantage is known as the
Jacquiont advantage which concerns the power throughput – in contrast to dispersive
spectroscopy systems, in the FTIR setup the radiation is not restricted by the monochro-
mator’s entrance and exit slits, [85]. The third advantage of the FTIR systems, known as
the Connes advantage, concerns the fact that FTIR can yield very accurate frequencies in
the spectrum, [86].
A different design of a Fourier Transform Intereferometer system is realized by em-
ploying a Martin-Puplett interferometer, [83]. A Martin-Puplett interferometer is some-
times referred to as a “Polarizing Interferometer”. The device utilizes two plane wire-grid
polarizers, which makes Martin-Pupplet particularly useful in the FIR regime, [87]. The
ﬁrst wire-grid splits the beam into two components, while the beams are subsequently
recombined on the second wire-grid. The recombined beam is elliptically polarized, with
its ellipticity depending on the path difference between two components, [83]. The re-
combined beam later encounters an analyzer (polarizer). Thus, the amplitude of that
beam, having passed through the analyzer, is dependent on the path difference. The out-
12Also known as the multiplex principle, [84]2.4. THZ RADIATION — APPLICATIONS 35
put function for the light intensity of a Martin-Puplett interferometer is exactly the same
as that for a Fabry-Pérot interferometer, [83].
The direct measurements of absorption spectra can be accomplished by utilizing a
narrowband, frequency agile radiation source that sweeps across the measured frequency
region. The spectroscopic characterization is completed by directly measuring the trans-
mitted power. Although it appears to be simple and effective, this technique is in fact
difﬁcult to realize in practice as it requires a calibrated, tunable radiation source and a
suitable photodetector.
The ﬁrst THz-TDS system was demonstrated in 1988 by Martin Van Exter and Daniel
Grischkowsky of IBM Laboratory, [88]. Their THz spectroscopy device utilized a PCA
transciever/emitter and was initially used to examine the absorption spectra of distilled
water molecules followed by other substances in 1989, [80]. Since then, THz spec-
troscopy has been applied to investigate gases [6, 60], combustion ﬂames temperature,
[89], for water sensing, [24, 80]. Beard et al. in [80] point out that currently, THz spec-
troscopy is mainly understood as THz-TDS, it is sometimes also referred to as TeraHertz
Pulsed Spectroscopy (TPS), [16].
The optical arrangement of a THz-TDS system is identical with the imaging setup pre-
sented in ﬁgure 2.8(b), section 2.2. THz-TDS systems can be built in transmission, as well
as reﬂection conﬁguration, [55, 4, 8]. THz-TDS is a tabletop experiment with brightness
equal to or exceeding that of synchrotron sources, [24]. Coherent detection allows pulses
below the blackbody radiation level to be measured easily. A broadband THz spectrum
can be obtained once a complete electric ﬁeld pulse is mapped by the system. THz-TDS
can be used for example to study transient and steady state electric conductivity, phonon
modes of vibrations and carrier concentration related phenomena. THz imaging for semi-
conductor physics can serve for probing doping levels of ion-implanted Silicon wafers,
additionally THz-TDS can be used for evaluating various properties of semiconductors
such as mobility, conductivity, carrier density and ﬁnally plasma oscillations, [10]. Car-
rier dynamics of nanostructured semiconductors and/or superconductors can be probed
with THz radiation, [2]. THz-TDS was also used for characterizing polymers, [71].
THz-TDS is not, however, suitable for high resolution spectral measurements, [2, 24].
For THz-TDS stability of laser source is crucial, optical noise of the laser source is an2.4. THZ RADIATION — APPLICATIONS 36
important factor, whereas output power levels play a secondary role, [2]. An interesting
remark regarding THz-TDS systems can be found in [26]. The authors state that: “[THz-
TDS] are easy to build, but difﬁcult to do it reproducibly”.
As mentioned in section 2.2, THz-TDS using Electro-Optic can be converted into a
functional spectroscopic-imaging device. Figure 2.15 is presented to show some poten-
tials of such a quasi spectroscopic-imaging setup. To date, maximum reported frequency
recorded with THz-TDS systems is ν = 30THz (λ = 10µm) with a useable bandwidth of
ν = 20THz, [16].
Two modiﬁcations of the THz-TDS technique exist: Time Resolved Spectroscopy (TRTS)
and THz emission spectroscopy.
Figure 2.15. – Spectroscopic image; The images of the samples created by integrating
the peak area around corresponding frequencies, adopted from: [90]
Time Resolved TeraHertz Studies (TRTS) is an extension of the classical THz-TDS. In
contrast to THz-TDS, in TRTS measurements are not static in time. A TRTS system probes
the dynamic evolution of properties of the material examined. It is known that an optical
pump-probe conﬁguration can trigger reactions such as the response of low-frequency
collective solvent modes in liquids, and transient photoconductivity in a variety of semi-2.4. THZ RADIATION — APPLICATIONS 37
conductors, [16]. Photo-induced changes of sample properties are probed by a short
pulse of THz radiation, [91]. The ﬁrst TRTS setup was built by Nuss et-al., [24]. TRTS
was used to study the changes of material’s permittivity upon photoexcitation with an
optical non-THz pump pulse, [2]. Also, as pointed out in [2], the advantages of the time
resolved THz spectroscopy, include coverage of more than a decade of frequency range
and peak spectral response in the region of 0.3−3THz. THz pulsed systems can be used
to monitor dynamics of systems ranging from the photo excitation of a dye in a liquid to
transient photoconductivity in semiconductors, [16]. Also, the ﬁrst study of carrier dy-
namics using a THz-TDS was carried out in a P-i-N diode in the early 1990s, as reported
in [24]. Semiconductor heterojunctions were examined as early as in 1992 using THz
emission from quantum wells.
Advantages of the THz-TDS and TRTS techniques include:
– high-brightness — the peak amplitude is 1000−10000 times greater than the base-
line ﬂuctuation, [80];
– ease of determining both the absorption coefﬁcient and refractive index
– Coherent detection allows high signal-to-noise ratios;
– 2D and 3D (tomography) imaging capability (by raster scanning);
– possible sub-wavelength imaging (by raster scanning);
Beard et al. in [80] point to the fact that many researchers investigate only a partic-
ular feature out of many available in the THz-TDS technique.
In THz emission spectroscopy THz radiation is emitted by the sample and is analyzed
to reveal the dynamics of the sample’s process of interest. In contrast to the two previ-
ous methods, in THz emission spectroscopy the sample is not actively illuminated. This
spectroscopic technique is extremely sensitive to interference resulting from reﬂections
and any Fabry-Perot interference occurring in the setup, [2].
2.4.2 Medical and bio-science imaging
THz medical imaging began in 1995 with a fundamental discovery of Hu et al., [55].
The researchers showed contrast between animal adipose fat and muscle tissue, related
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fats, oils, proteins, glucose, [92], and even wheat, chocolate bars, and leaves, [9, 55, 88].
Other THz imaging included mainly in-vitro imaging of human teeth, [3], veins and
nerves [16], cortical bones, skin layers, female breast samples etc.
Scattering of THz radiation in biological tissue is many orders of magnitude less than
for infrared radiation, [3]. Thus, meaningful biological measurements are possible even
with weaker signals levels. When studying skin cancer skin penetration depth of 1mm
for 1THz can be achieved for the stratum corneum (the skin outermost layer), [10].
While discussing THz imaging of human skin K. Humphreys et al. in [93] point to the
fact, however, that in order to sense a THz pulse passing through a 1.5mm thick stratum
corneum layer the signal to noise ratio of at least 500:1 of is necessary. Even though
living tissues exhibit much weaker absorption of THz than water, THz does not pene-
trate human skin to any signiﬁcant depths. Therefore, much of the research is focused
on the THz skin characterization in reﬂection mode (Fitzgerald et al. developed a setup
intended for skin characterization in dark-ﬁeld imaging , [94]). Large water absorption
of THz can be, however, potentially useful for diagnosing skin burns by examining the
water hydration, [16, 3]. This kind of measurements yields more quantitative informa-
tion regarding the skin burn severity, in contrast to, for instance, visible examination.
Figure 2.16(a) presents a THz image of human skin layers – the decrease in the stratum
corneum thickness can be seen. The thicknesses of the associated skin stratum interfaces
were calculated from the optical delay between the reﬂected THz peaks, [16]. A de-
tailed study of interaction of THz with human skin is given in [16, 3]. Some absorption
coefﬁcients of human tissues are given in table B in appendix B.
One of the most promising applications of THz medical imaging relates to the study
of carcinoma epithelium cancer (Basal Cell Carcinoma – (BCC) – the most common
form of skin cancer). THz based analysis performs very well when compared to the
standard in vitro histological tests, allowing size and depth of the tumor to be easily
examined, [93]. Differences in THz response have been observed between normal skin
and BCC. The refractive index and absorption coefﬁcient of BCC are higher at ν =
0.5THz, [94, 16]. It is interesting to note, that cancerous and healthy tissue do not
differ signiﬁcantly in density, [93]. It has been therefore suggested that the cause of
the difference observed using THz is due to chemical composition of cancer cells. As
explained in [93] the THz imaging of tumors is still, however, mostly an in vitro method,2.4. THZ RADIATION — APPLICATIONS 39
requiring a surgical intervention and sample preparation.
Some ideas have been put forward, [3], to construct THz endoscopic instrumentation
to enable in-vitro measurements of internal organs and tissues. This could be realized
by taking the advantage of the newly developed THz guiding methods, [57, 12], as
described in section 2.1.2. More specialized instrumentation for THz medical diagnosis
is under intensive development, [54].
2.16.(a) THz reﬂection image of human skin layers,
adopted from [16]
2.16.(b) 3D THz transmission image of Turkey bone,
adopted from [69]
It is expected, [26], that in the near future THz spectroscopy will extended to provide
the ability for 2D and, depending on the sample water content also 3D, imaging of bio-
logical and non-biological media. Single line resolved and time resolved studies involving
an optical pump pulse. Pharmaceutical science is also an important application, [16], as
THz radiation does not induce any phase change or photochemical reaction within the
sample. Therefore, it could be used as a non-invasive research tool for those sensitive
studies.
Several groups have reported on computer aided THz tomography of bones [3, 16,
67]. Image 2.16(b) presents the result of a 3D imaging of a dehydrated human bone.
In the tests, the THz setup invented by Mittlemann et al, [67], was employed. The test,2.4. THZ RADIATION — APPLICATIONS 40
described in [16], aimed at examining whether the THz waves can be used for diagnosing
osteoporosis. The results conﬁrmed a linear dependence between the bone density and
THz absorption. The tests were, however, carried out for a dehydrated bone sample. It
seems unlikely that this technique can be used for in vitro measurements of bones due
to the large absorption of THz by water molecules.
Very strong absorption of water seriously limits imaging of any biological, completely
precluding in vivo THz tomography. In fact, THz water absorption constitutes a funda-
mental obstacle in any of the medical imaging applications. Water absorption coefﬁcients
for THz are given in table B appendix B. According to [93], precisely due to the water ab-
sorption of THz, only two THz imaging modalities can be used in practise: in vitro imag-
ing in transmission mode of thin, clinically prepared sample or reﬂection mode imaging.
The latter mode of imaging permits in vivo imaging, but is limited only to easily accessi-
ble and preferably non-aqueous areas, [95]. Consequently, THz imaging for dermatology
and dentistry is currently under intensive research. In dentistry spectral information can
be particularly useful in the early detection of caries — that is not currently available
with standard technology, [95]. Assessment of water content in periodontal soft tissue in
in vitro mode was mentioned in [95]. Because of many technical difﬁculties, however, in
vivo teeth imaging remains very impractical especially when compared to X-ray imaging,
[93].
In [96], the authors describe THz imaging of osteoarthritis as a potential application,
but completely fail to address the water absorption issue. Martin Koch in [97] compares
THz imaging to X-ray imaging, CT and PET but without mentioning the water absorption
related challenges. Koch, however, correctly states that any THz based methods should
be treated as purely complementary for the already existing techniques. Additionally,
the author points to the fact that in many cases THz can be replaced (tests can be ac-
complished) with already established and/or much cheaper techniques. Similar view
regarding THz is expressed in [95]. The often quoted advantage of no ionization hazard
for biological tissues seems to be of little importance in many practical cases.
Despite many interesting projects and wide publicity given to the THz radiation, its
usefulness in medical imaging remains very limited. An excellent review of THz in bio-
science is given by Martin Koch in [97].2.4. THZ RADIATION — APPLICATIONS 41
2.4.3 THz Sundries...
Some practical applications of the THz radiation include: food quality monitoring, [92],
pollution control, [60], security screening and explosive materials detection, [4, 98], and
short range communication systems, [99, 100, 6] just to name a few.
Quality control and non-destructive testing
One of the ﬁrst experiments that demonstrated potentials of THz science was Far-
Infrared analysis of ﬂames, performed by Grischkowsky et al. in 1995, [101]. The re-
searchers, using their simple THz device, carried out the ﬁrst THz absorption measure-
ment of a ﬂame as seen in ﬁgure 2.16. Additionally, by comparing relative population of
rotational states of water some rough assessment of the gas temperature was made. The
measurements are totally insensitive to the heat radiation.
Figure 2.16. – THz Transmission image of a ﬂame, adopted from [69, 19]
The THz radiation is used for in-situ control of technological processes, [102, 103].
An optically pumped laser and Helium cooled bolometer detector are used by Phillip
Morris International for water detection in tobacco products, [19]. This example con-
ﬁrms that THz systems are attractive for industrial quality monitoring.
Image 2.17 shows the non-destructive testing of a biased electronic circuit. The THz
emission map was superimposed on the circuit’s visible photograph. The pulses, trig-
gered by illuminating the device with a femtosecond pump laser, are emitted off of the
device faulty regions. This helps diagnose the device for any short-circuits or cracks in the
interconnections that can lead to higher density currents ﬂowing through the structure,
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Figure 2.17. – Integrated circuit non-destructive testing with THz probing. Photo on the
right shows a faulty IC chip, while the left photo is given for comparison.
THz pulses are released by probing the circuit’s areas with femtosecond
laser, adopted from [103]
The authors indicate, however, that the scanning THz microscope can only specify
the failed regions of a device. The spatial resolution of the device was insufﬁcient to
precisely localize the faults (points of THz emission), [103].
One of the widely publicized experiments involving THz radiation for non-destructive
testing (NDT) was the examination of space shuttle foam insulation, following the Colom-
bia Space Craft catastrophe, [102, 104]. In contrast to other NDT techniques, THz radi-
ation can easily penetrate porous materials revealing voids or delaminations. The appli-
cability of THz radiation to NDT was demonstrated by NASA researchers while testing
the thermal tiles used in space shuttles, [104]. The experimental setup is shown in ﬁgure
2.18. The measurements were carried out using a continuous wave, 0.2THz imaging
system consisting of a frequency-doubled Gunn diode oscillator with an output power of
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Figure 2.18. – THz-NDT setup as demonstrated by NASA researchers.
The images are composed by point-by-point raster scanning of the samples with a
standard acquisition speed of 0.2m/s, [104]. Figure 2.19(b) presents the target THz
absorption image, while a map of the hidden defects is shown in drawing 2.19(a). A
quick comparison between the THz absorption image and the defect map proves that the
method can be used for effective non-destructive testing. The spot size of the focused
radiation beam was 4mm in diameter

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2.19.(a) Photo of the thermal tiles +
map of artiﬁcial defects, adopted from
[104]
2.19.(b) THz reﬂection image of the
tiles, adopted from [104]
Some applications of THz non-destructive testing involve measuring newspaper water
content, [1], as well as assessing alcohol content in beverage products through a glass
bottle, [105].2.4. THZ RADIATION — APPLICATIONS 44
THz for security...
It is unlikely that THz imaging systems used for security screening will threaten the
position of X-ray equipment. It is expected, however, that thanks to the THz radiation
properties, some limited use of THz in stand-off chemical and biological warfare agents
detection will be seen, [106, 107, 108]. Practical tests have shown that the characteristic
resonances in DNA of many biological warfare agents, corresponding to optical frequen-
cies ν ≈ 300 − 750GHz, can be used for identiﬁcation of those substances, [108]. Vari-
ous chemical warfare agents were also demonstrated to exhibit unique features in sub-
millimeter and THz spectra, [108]. Thus, spectroscopic remote sensing and telemetry
remains of great interest for military users. Remote sensing of C-4 explosive composition
in mail envelopes has already been demonstrated [109]. The reliability of such detection
remains disputable, though. This is because of the ease with which the measurement and
identiﬁcation can be made impossible. A characteristic spectroscopic footprint of a par-
ticular explosive can easily be hidden if the material is, for instance, wrapped up in many
layers of plastic foil. Fabry-Perot interference occurring from the envelope’s or parcel’s
dielectric surfaces will result in spurious spectral features. All these factors can render
the spectroscopic identiﬁcation impossible.
THz imaging systems for security screening have received great publicity, sometimes
being confused with millimeter wave scanners. Photo 2.19 adopted from [110] presents
a THz scan taken in reﬂection mode with a THz imaging system operating for ν = 1 −
3THz.
Figure 2.19. – THz reﬂection image of a mannequin with a pistol-like element hidden
beneath the clothes, adopted from [110]
The reputation of THz imaging systems for security screening suffered a considerable
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allegedly showing a model hiding a pistol beneath her clothes, was exposed as complete
fraud. It was revealed, [111], that the THz image presented was in fact a “photoshopped”
visual photograph of a naked woman taken from a royalty-free image collection. The
remaining elements of the THz reﬂection image: a pistol-shape and several details of
clothing (metal belt clips etc.) were simply fabricated and superimposed on the image in
post-processing.
As mentioned earlier, for security screening purposes, THz systems face strong com-
petition posed by MMW scanners. The technology for the later is already very well devel-
oped, making MMW-security attractive from the commercial point of view. The advan-
tage of THz over MMW, however, is the potential ability to deliver images with greater
spatial resolution. Distant imaging with MMW systems becomes problematic, [107]. Spe-
cialized THz active radars used for combating terrorism or contraband are already under
development, [112, 106]. Those devices resemble early, active NIR, night vision scopes,
where a strong source of radiation was used to illuminate the target, [113]. A unique
source of THz radiation was suggested for security applications in [10]. The device sug-
gested would use ambient air-plasma for THz radiation generation. Ambient air-plasma
is remotely controlled by a focused laser beam. In such an arrangement, a femtosecond
laser is focused near the object to generate an ambient plasma which emits THz waves,
and the reﬂection from the target is detected in a similar way to THz-TDS, [10]. Photo
2.20 presents a THz scan for ν = 0.2THz (λ = 1.5mm).
Figure 2.20. – THz transmission image of a suitcase, [104]
In ﬁgure 2.21, “T-Ray 4000” system, operating on a principle similar to THz-TDS over
ν = 0.2 − 2.0THz, is shown. As seen in the photo, the system can operate in reﬂection2.4. THZ RADIATION — APPLICATIONS 46
mode and can be used as a screening device.
Figure 2.21. – Picometrix T-Ray 4000 system. Photo inset shows a THz reﬂection image
of the bag’s content.
Currently, to the authors best knowledge, only one THz imaging system for security
screening is available on the market. T5000 manufactured by ThruVision Systems Ltd.
is an outdoor people-screening system that can detect concealed threats at, quoting the
manufacturer, “distances suitable for operational requirements”. Nothing is known about
the system’s optoelectronic speciﬁcation.
Additionally, spectral imaging of targets at a distance of 25m was reported by re-
searchers at MIT and Sandia National Laboratories, [110].
Despite wide publicity given to THz screen systems, the future and usefulness of THz
security screening remains doubtful. Objects can very easily be hidden or camouﬂaged
from THz systems. Active or passive countermeasures can be devised against active THz
imaging systems working on the principle of target illumination. The advocates of THz
security screening often argue that THz scanners would allow greater spatial resolution
than the MMW systems for better target identiﬁcation. Spatial resolution, however, of
the MMW security scanners is perfectly acceptable for most of the security applications
where detection/recognition is sufﬁcient. At the same time, the MMW technology is al-
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THz for communication
An interesting idea for THz was presented by Piesiewicz et al. in [99, 100]. The authors
postulate using the THz regime for extremely broadband, in-door communication – a po-
tential alternative for blue-tooth or IrDA data links. Koch in [114] mentions transmission
bandwidth of BW ≈ 10GHz. 300GHz is understood to the best carrier frequency due
to low atmospheric attenuation, [114]. In this respect, due to high atmospheric atten-
uation for larger optical frequencies, THz could also work well for short-range, highly
directional, covert battle ﬁeld communication, [99].
2.4.4 Near ﬁeld imaging
Several near-ﬁeld THz imaging techniques have been reported by various research teams.
Those most successful and promising are described in this section. Some very compre-
hensive reviews of Near-ﬁeld and sub-wavelength imaging using THz radiation are given
in [13, 55].
The lateral spatial resolution of an electromagnetic imaging system scales linearly
with λ, [13, 55, 115]. Spatial resolution is commonly expressed by the Rayleigh Crite-
rion. For a circular aperture system this takes the form of:
φAiry = 1.22 ·
λ · f
D
(2.2)
where: f – imaging optics focal length; D – aperture size; φAiry – Airy disc diameter;
Due to its very long wavelength, THz systems are characterized by low spatial reso-
lution. For λ = 300µ (ν = 1THz) one can expect φ = 366µm for a diffraction limited
optical setup with
f
D = 1. As some major technological hurdles related to generation
and detection of THz radiation have recently been overcome, improvement in the spa-
tial resolution remains one of the main goals of the near future. Low spatial resolution
strongly hampers the applicability of THz system in nondestructive testing, spectroscopy,
micro-spectroscopy etc.
Since the ﬁrst demonstration of a near-ﬁeld THz imaging by [116] this branch of
THz science has been researched particularly intensively. Various THz near-ﬁeld imag-
ing methods have been proposed to date, [13, 55, 117, 118, 119]. Those methods were
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techniques, or were devised solely for the THz domain and as such have no correspond-
ing visible, or infrared analogues.
Aperture methods
The most obvious technique for achieving greater resolution is by employing a sub-
wavelength aperture. The ﬁrst successful sub-wavelength aperture imaging experiment
was demonstrated as early as in 1928, [120]. An object positioned in front of the aper-
ture can be imaged with the resolution set by the aperture diameter, provided that the
object to aperture distance is smaller than the aperture diameter, [115]. Considering the
signiﬁcance of sub-wavelength aperture imaging in this project, a separate chapter of this
thesis, 3, was entirely dedicated to this subject. Imaging with a sub-wavelength aperture
is shown in picture 2.22, [55, 116]. A complete image is created by changing the position
of the opening against the object or vice versa.
Figure 2.22. – Sub-wavelength aperture imaging
THz transmission through sub-wavelength apertures was ﬁrst demonstrated in 1998
by a pioneering experiment of Hunsche and Koch [116]. They demonstrated a THz-
TDS near-ﬁeld setup utilizing a tapered aluminum tip. Although simple it showed the
possibility of THz near-ﬁeld imaging with λ
4 resolution for the 50 x 80µm2 square. THz
transmission image of the USAF1951 reticle test is presented in ﬁgure 2.23(b).
The success of the experiment spurred great interest and resulted in many further
developments13. Before discussing the most recent of those, the main drawbacks of the
aperture methods are discussed below.
13As of late 2011, Scopus Info Base (www.scopus.com) lists 141 papers citing Hunsche and Koch original
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2.23.(a) Imaging setup 2.23.(b) Imaged test plate, with and without near-ﬁeld
tip, adopted from [116]
Figure 2.23. – Tip method
The power throughput of a sub-wavelength aperture scales with 1
λ4, [120]. The trans-
mission decreases with the sixth power of the aperture diameter d, as pointed out by
Daniel Mittleman, [55, 121]. In addition, Mittleman, [121], and Zhang, [55], have
shown that small THz apertures can be treated as cylindrical waveguides, which are char-
acterized by λCutOff at λ ≈ 1.7·φ. For λ > λCutOff the transmitted spectrum is seriously
attenuated, [55]. Therefore, even though the resolution is independent of wavelength,
the power throughput remains a strong function of the impinging wavelength and hole
diameter.
Diffraction related effects should be taken into account. A thorough analysis of diffrac-
tion for small holes was performed by Hans Bethe in [122].
According to Bethe, the total diffraction cross section is given by equation 2.3.
A =
64
27 · π
·

2 · π
λ
4
· a6 ·

1 +
1
4
· sin

(2.3)
where:
A – diffraction cross section of the aperture,
 – angle of incidence,
a – aperture physical radius,
We see that the diffraction diffraction cross section is directly proportional to a6.
All the above effects inﬂuence the aperture response making it non-linear in terms of
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sub-wavelength imaging systems. Within the last several years some improvements have
been made in the design of THz sub-wavelength aperture systems. Those are described
in greater detail in section 3.1.10, chapter 3.
The most important innovation relies on probing the evanescent waves. Light scat-
tered by the imaged object can be divided into two components characterized by real
and imaginary longitudinal k vectors, [13, 116, 120]. The former are termed the prop-
agating waves, whereas the later are the evanescent waves (or evanescent ﬁelds). The
evanescent ﬁelds exist only in close proximity of the scattering object (sub-wavelength
aperture d or refractive index interface) and within the distance of z1 < d
2 the ampli-
tude of evanescent ﬁelds is far greater than that of propagating modes. For z2 = d
2 the
amplitudes of these two components become comparable. As z increases, the evanescent
waves decay rapidly and, in contrast to the propagating modes, cannot be detected with
a conventional collection mode near-ﬁeld imaging setup, [116]. However, one can take
advantage of the existence of both those components by positioning the probing element
within z < z1, such that the evanescent ﬁeld does not decay before reaching the probe,
but is also coupled. This leads to much greater sensitivity 14.
An extensive discussion of Bethe Theory, as well as other sub-wavelength aperture
transmission theories with an associated section on evanescent component of light are
given in section 3.1, chapter 3. A comparison between the various sub-wavelength aper-
ture transmission models is presented.
Figure 2.24(a) shows a detector modeled and experimentally tested by Mitrofanov
et al. [123, 119] and further discussed in [55]. In contrast to the cone-type approach,
this setup aims to detect the evanescent ﬁeld and diffracted waves. The researchers state
that their device provides greater sensitivity and higher spatial resolution in compari-
son to the illumination mode probe. The result of sub-wavelength THz imaging using
Mitrofanov’s collection detector is shown in ﬁgure 2.24(b). The metallic pattern (shown
in drawing) was imaged for λ = 600µm, achieving λ/15 resolution with a 30x30µm2
sub-wavelength aperture.
14An interesting remark was made in [120]. The author rightly points out that for a meaningful ex-
perimental data comparison, distances between probes and apertures should be given when describing
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2.24.(a) Dipole antenna integrated
with a subwavelength aperture 2.24.(b) Imaging results: a) target; b) image for λ =
600µm; Figure adopted from [123]
Figure 2.24. – Collection detector — design and imaging
In [118] researchers revealed their second collection detector design which achieves
λ/6 resolution. It is characterized with the sub-wavelength aperture formed on one side
of a GaAs wafer, while the photoconductive emitting antenna is on the opposite side.
Thus, the emitted THz pulse is sent through the thickness of the wafer before reaching
the aperture. Although the authors discuss the potential impact of substrate’s refractive
index on the device operation, no additional information is provided concerning the
device spectral response.
Apertureless methods
Some techniques adopted from Scanning Near Field Optical Microscope (SNOM), such
as “apertureless”15 tip technique, are also used in the THz regime. Figure 2.25 explains
the concept.
The device utilizes a tapered tip that oscillates above the sample which is illuminated
with THz radiation, [124, 125]. The tip and the surface act as a Mie scatterer interacting
with the THz beam. An electro-optic crystal for detection of scattered THz ﬁeld is put
beneath the tip, [125]. The GaP crystal is oriented in such a way that the electro-optic
effect does not occur for the lateral polarized THz electric ﬁeld. Only the secondary
electromagnetic wave scattered by the probe-surface dipole will be recorded by the probe
beam. The tip size sets the lateral resolution, which was reported to be as ﬁne as 140nm
15Meaning without any physical sub-wavelength aperture used for deﬁning resolution.2.4. THZ RADIATION — APPLICATIONS 52
Figure 2.25. – Schematic setup of tip and electro-optic type apertureless THz micro-
scope
at ν = 2THz, [126].
Zhang et al. in [127, 128] adopted a medium wave infrared imaging device of
Palanker et al., [125]. This system takes advantage of free carrier absorption phenomenon.
Here, an optical gating beam of a visible laser is focused on a semiconductor surface, see
drawing 2.26.
Figure 2.26. – Dynamic-aperture scheme
The visible spot size is of 1µm diameter – much smaller than λTHz. A gating beam
photo-generates carriers within the surface region of semiconductor substrate. This car-
rier spot is highly absorptive for THz and locally scatters the incoming THz beam. The
gating beam frequency is the reference for a PSD detecting block. Thus, only a small por-
tion of the THz radiation interacting with the induced dynamic “aperture” is detected,
whereas its remaining, unmodulated part is rejected. The resolution is affected by the
degree of the visible laser focusing, as well as, carrier diffusion in the semiconductor
imaging plate. Photo, 2.27, presents an image of a metal element.2.4. THZ RADIATION — APPLICATIONS 53
Figure 2.27. – Imaging with dynamic-aperture, ﬁgure to the left shows the result of
near-ﬁeld imaging, adopted from [127]
This apertureless method guarantees that the ﬁnal image is less affected by diffraction
as no physical sub-wavelength apertures are used in the setup. The main disadvantage
of the original setup was that it could be used for semiconductor imaging only. Although
that deﬁciency has been partially overcome, [129], imaging of non-semiconductors is
limited and usually requires a thin GaAs screen in contact with the sample.
THz Near-Field imaging – summary
Table 2.4.4 shows some major achievements in the area of near-ﬁeld THz imaging.
The pixel acquisition rates for these systems vary from several minutes per pixel (sub-
wavelength aperture imaging with early THz-TDS systems, [3]), to 3 pixels/second for
the tip method, [124]. The speed of pixel acquisition for imaging systems based on THz-
TDS was greatly improved thanks to the implementation of fast scanning delay lines,
[3].
Method Resolution Group
Tip method λ
1070 Bell Lab., [125, 55]
Tip method λ
250 Bell Lab., [125, 55]
Collection mode detector λ
200 Bell Lab., [123]
Dynamic aperture λ
20 Rensselaer Inst., [128, 127]
Enhanced sub-λ aperture λ
17 NEC corporation, [55]
THz microscope, with a resolution brought down to below sub-micrometer levels,
would be an invaluable addition to the arsenal of already existing near-ﬁeld techniques.
A fast imaging THz microscope would enable spectroscopic imaging of single molecules,
allow nondestructive inspection and characterization of semiconductor structures, could
be used as a diagnostic tool for integrated circuits (that has already been suggested in2.4. THZ RADIATION — APPLICATIONS 54
[103]) and biochips, [116], pharmaceutical in-situ quality control. Medical imaging (in
particular in-vitro tissue imaging) is another area where THz near-ﬁeld techniques could
be further employed.
In all of the aforementioned near-ﬁeld imaging techniques, THz pictures are com-
posed by raster scanning. Raster composition involves long acquisition times, reaching
hours, which obviously precludes analysis of any non-static events. Despite signiﬁcant
progress in resolving powers, the development of a real time, near-ﬁeld THz imaging
spectroscopic system has not been reported.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 55
2.5 Multiple sub-wavelength aperture imaging modulator
None of the THz imaging techniques developed to date, permits high spatial resolution
spectroscopic imaging at fast acquisition rates. In the classical THz sub-wavelength imag-
ing with a single aperture, the image is composed by mechanically scanning the sample
against a single sub-wavelength aperture. Thus, only one pixel of the ﬁnal image is ac-
quired for every integration time of a THz photodetector used in the imaging setup.
Single point raster scanning image composition requires extended periods of time.
To increase the acquisition speed, multiple pixel images are usually acquired using
arrays of radiation detectors. Currently no technology exists, however, to create an array
of THz photodetectors which would be suitable for near-ﬁeld sub-wavelength imaging.
A solution to this problem would be a multiple sub-wavelength aperture array. When
employed with a single THz radiation source and one photodetector, such an array would
be an imaging spatial modulator with each of its sub-wavelength apertures acting as
a separate pixel. The concept of a multiple aperture, THz spatial modulator for sub-
wavelength near-ﬁeld imaging is presented in ﬁgure 2.28.
Figure 2.28. – Multiple, sub-wavelength, imaging modulator
As seen in the ﬁgure, the device function is to provide a multiple pixel imaging ca-
pability for a single source/single photodetector THz setup. The increase in image ac-
quisition speed would result from the fact that the signals of all apertures are acquired
within one integration time of the THz photodetector. In that sense, the number of aper-
tures equals the increase in the acquisition speed. Obviously, each of the apertures in the2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 56
modulator array allows imaging with sub-wavelength resolution. As explained earlier
in section 2.4.4, near-ﬁeld sub-wavelength aperture imaging is possible if the distance
between the resolution deﬁning aperture and sample is no greater than the aperture
diameter, φ. As discussed later in this section, this spatial modulator can also be em-
ployed for Far-Infrared spectroscopy, resulting in a functional THz imaging-spectroscopy
system.
2.5.1 THz modulator — multiple pixel sub-wavelength imaging
The concept of a spatial modulator assumes that the optical transmission of each of
the sub-wavelength apertures can be modulated electronically and independent of other
apertures, [130]. More importantly, the transmission of every aperture can be modulated
at a given, unique frequency, fmod.
Drawing 2.29 presents the modulator array consisting of 16 apertures (THz sub-
wavelength apertures) arranged into a 4 by 4 matrix. As schematically shown in the
drawing, each of the apertures is assigned with a different modulation frequency and
modulates the optical radiation at that unique frequency.
Figure 2.29. – Pixel multiplexing in frequency domain; Each of the apertures is assigned
with a unique modulation frequency. The output spectrum consists of
modulation peaks which frequency corresponds to the amplitude modu-
lation frequencies of particular pixels.
The resulting optical signal received by the photodetector over one single integration
time, consists of sixteen frequency components. This permits the detection system to
differentiate between the separate apertures. The latter involves transforming the mod-
ulator’s output time signal into the frequency domain using the Fast Fourier Transform
(FFT). The resulting spectrum, shown in drawing 2.29, consists of modulation peaks rep-2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 57
resenting the separate apertures. The aperture signals are therefore multiplexed in the
frequency domain, [130].
If the amplitude modulation depth is constant and known for every aperture, the
amplitude of a given modulation peak depends directly on the optical power transmitted
through the corresponding sub-wavelength aperture. As seen in drawing 2.29, when no
sample is present in the near-ﬁeld of the modulator, all frequency peaks have equal mag-
nitudes. If, however, a sample (radiation absorptive material) is positioned in the optical
path, in the aperture’s near ﬁeld, a decrease in the magnitude of the corresponding mod-
ulation peaks is revealed in the output frequency spectrum. This is graphically presented
in ﬁgure 2.30. In this example the sample covers apertures number 7, 10 and 11.
Figure 2.30. – Sample positioned in the modulator near-ﬁeld; The sample covers aper-
tures number 7, 10 and 11. Decrease in the magnitudes of the modulation
peaks corresponding to the apertures is observed in the output frequency
spectrum.
Image formation with the THz modulator involves mechanically scanning the aper-
ture array against a sample, while the scanning step equals the aperture diameter. The
transmission signal of all the apertures is acquired simultaneously for the current mod-
ulator position. The complete scanning is carried out over the distance set by the two
neighboring apertures. The scanning takes place sequentially: ﬁrst a complete line in X
dimension is acquired step-by-step for a given Y position, the modulator is then brought
back to the starting X position, while the Y position is incremented by one step. Finally,
the acquisition of another X line restarts. The number of scanning steps for each direc-
tion therefore equals: M ≈ dPixel spacing/φ, where φ is the aperture diameter (movement
resolution). If N is the number of sub-wavelength apertures in a square matrix, the ﬁnal
attenuation image covers the area equal
√
N · dPixel Spacing

·
√
N · dPixel spacing

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lated with the acquired pixels. This results in M2 · N of pixels in the ﬁnal image. Every
aperture of the array is used for acquiring a separate pixel “cell” consisting of M by M
pixels (in that sense N is also the number of pixel “cells” in the attenuation image).
Drawings 2.31 to 2.35 show the image composition. In this example, the distance
between the two adjacent apertures equals dPixelSpacing = 5 · φ, which results in M = 5
per X and Y directions. A conceptual THz attenuation image of the sample, composed of
the acquired pixels, is shown in the drawings — darker shades represent higher optical
attenuation introduced by the sample.
Figure 2.31. – 1st acquisition; 16 pixels acquired; Modulator position: X = 1, Y =
1; The right hand side of the drawing presents the sample attenuation
image.
Figure 2.32. – 2nd acquisition; 32 pixels acquired; Modulator position: X = 2, Y = 12.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 59
Figure 2.33. – 5th acquisition; 90 pixels acquired; Modulator position: X = 5, Y = 1;
First X line is completed.
Figure 2.34. – 8th acquisition; 128 pixels acquired; Modulator position: X = 3, Y = 2;
Second X line is being acquired.
Figure 2.35. – 25th acquisition; 400 pixels acquired; Modulator position: X = 5, Y = 5;
Image completed. The attenuation image consists of 16 pixel cells, where
each of the cells is 5 by 5 pixels in size.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 60
2.5.2 THz modulator — Spectroscopic application
The modulator can be used to obtain spectroscopic information by employing a Michel-
son Interferometer coupled with a broadband radiation source, as shown in the ﬁgure
2.36. It is expected, [130], that in practise a Martin-Puplett interferometer will be used
instead of the Michelson Interferometer.
Figure 2.36. – Imaging-Spectroscopy system
where: SM – scanning mirror; FM – ﬁxed mirror; P1,2 – parabolic mirrors; BS –
beam splitter.
Figure 2.37 presents the ﬁnal output spectrum. The side-bands of the modulation
peaks yield spectral data — here the proper ∆f selection plays a crucial role as in case
of a purely imaging system. Any unwanted overlap between the adjacent peaks would
result in the spectral information loss. As shown in the drawing, different frequency
components are analyzed separately by applying a selective pass band ﬁlter – in fact, this
“ﬁltering” consists only in selectively cutting out portions of the frequency spectrum.
Figure 2.37. – Frequency spectrum of the THz spatial modulator working with a broad-
band radiation source and an interferometer module. Sidebands carrying
spectral information are seen around selected modulation peaks.
The frequency of an FTIR interferogram is given by equation 2.4, [83]. The origin of
equation 2.4 can be understood by examining equation 2.1 presented in section 2.4.1: f2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 61
is the frequency component of the cosine function of an FTIR interferogram.
f = 2 ·
1
λ
· ν (2.4)
where:
λ – wavelength, [m];
ν – FTIR interferometer’s scanning mirror velocity, m/s;
From the above equation, it is obvious that the frequency width of a single sideband16
depends on the wavelength span and scanning mirror velocity. It can be calculated that
for an FTIR system operating between λ1 = 20µm to λ2 = 1000µm, with the scan-
ning mirror velocity of ν = 1cm
s , the width of a single sideband equals approximately
∆fSideband ≈ 1000Hz. In this example, the modulation peaks would therefore need to be
spaced by at least ∆f ­ 2000Hz frequency interval to prevent any sidebands overlap.
In order to avoid any overlap between the sidebands of the adjacent modulation
peaks, ∆fSideband can be reduced by decreasing the scanning mirror velocity. This, how-
ever, is limited by the spectrum analyzer’s capability to resolve very small frequency
differences. For a very narrow ∆fSideband, the spectral information contained in that
sideband may not be recovered with a sufﬁcient resolution due the limited resolution
bandwidth (RBW) of the data acquisition card17. Fundamentally, the frequency resolu-
tion relates to the waveform acquisition length.
2.5.3 Frequency multiplexing and dynamic range considerations
As already explained in section 2.5.1, the output frequency spectrum of the THz modu-
lator is composed of N frequency peaks corresponding to N apertures in the modulator
array. As seen in ﬁgure 2.29 given in that section, the modulation peaks occupy a band-
width equal BW = fMax-Mod − fMin-Mod = f16 − f1, where f16 is the highest, while f1
the lowest pixel modulation frequency. In practise, the width of the useable frequency
span BW over which the frequency peaks can be distributed, is limited by the existence
of spurious frequency components such as harmonics or some intermodulation products.
This is better explained using drawing 2.38. The primary source of harmonics is likely
16The FFT or DFT of a real signal is symmetric: the power at a positive frequency of the resulting spectrum
is the same as the power at the corresponding negative frequency of that spectrum, [131]. Thus, the −f
sideband contains the same spectral information as the +f sideband.
17Modulator pixel/aperture dwell time limits the bandwidth resolution as well.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 62
to be the modulator signal, while other spurious frequency components appearing in the
spectrum can occur due to the non-linearities and distortion introduced by the photode-
tector and/or data acquisition systems.
Figure 2.38. – Frequency multiplexing of an imaging array
It is clear from the above drawing that the width of the bandwidth containing pixels
P1 to PX should be narrower than BW < (2 · f1 − f1), where f1 is the lowest modu-
lation frequency. This condition prevents second harmonics, occurring above f ­ 2 · f1,
from falling within the span of pixel frequencies. Any spurious frequencies located within
BW may very easily be interpreted as valid signals causing therefore artifacts in absorp-
tion image or distorting the spectral information in the peaks’ sidebands. In any case,
the lowest modulation frequency fMin-Mod and its second harmonic 2 · fMin-Mod set the
permissible span of modulation frequencies. Thus, the highest modulation frequency
assigned to any aperture must be lower than 2 · f1. For the uniformly spaced modula-
tion peaks, this results in the frequency separation between the modulation peaks equal
∆f = BW/(N + 1). As explained in section 2.5.2, this frequency interval is crucial for
the FTIR application of the modulator.
The pixel modulation bandwidth needs to be chosen with consideration to the THz
detector bandwidth. The system’s THz detector performance — both in terms of its dy-
namic range and maximum bandwidth — is crucially important to this project. A suitable
InSb hot electron bolometer detector, model QFI/3BI, was purchased from QMC in-
struments Ltd. The detector bandwidth is f3dB ≈ 850kHz, which allows the bandwidth
of BW ≈ 400kHz for pixel frequencies allocation.
The dynamic range of the photodetector system is particularly important as the de-
vice should be able to detect very weak, single-pixel modulation, but, at the same time,2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 63
the photodetector output must remain proportional to the input optical signal even for
very strong optical signals (large optical powers). In other words, the voltage response of
the complete photodetector (radiation sensitive element + pre-ampliﬁer) should remain
linear within the entire optical power input range. The linearity of the entire photode-
tector system can be characterized using spurious free dynamic range (SFDR) which is
the ratio of the fundamental signal to the strongest spurious signal in the output. For the
purpose of this discussion, SFDR is explained using drawing 2.39. The complete deﬁni-
tion of SFDR used to characterize analogue-to-digital converters is given in subsection
2.5.4.
Figure 2.39. – Spurious free dynamic range referenced to fundamental signal, graph
plotted on the basis of [132]. This graph will be used when discussing
SFDR in DAQ systems.
The overall dynamic range of a photodetector used with an N-channel spatial mod-
ulator, when each of the N channels requires dynamic range of R, should be N · R. The
detector should be able to deal with the maximum intensity signal for all of the modula-
tor channels emitting with maximum intensity. The noise equivalent power of the QMC
photodetector, NEP ¬ 2pW/
√
Hz, which is the power equivalent to the smallest de-
tectable modulation peak. Assuming the maximum optical power per aperture to be six
orders of magnitude larger (1.000.000 times greater; worst case scenario calculations;),
this leads to 2µW of optical power per every aperture. If one considers a spatial modu-
lator with a 10 by 10 aperture matrix, this results in 200µW of the total optical power
falling onto the photodetector element, when all pixels are emitting with the maximum
possible intensity. A calculation shows that a photodetector with the dynamic range of2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 64
−80dBc would be required for this application. Spurious free dynamic range of the QMC
photodetector reaches ≈ −85dBc, as measured by the author. It was proved experimen-
tally that the photodetector dynamic range is limited by the QMC voltage pre-ampliﬁer
ULN95.
The following subsection, 2.5.4, discusses the issue of acquisition of high frequency
signals with analogue-to-digital converters.
2.5.4 Data Acquisition with analogue-to-digital converters
Another critical part of this project concerns the data acquisition and signal digitization
of the QMC photodetector output. A suitable DAQ system should have the capability
of acquiring the photodetector’s output signal at a sufﬁciently high sampling rate and
digitizing it with a maximum possible vertical resolution. The latter parameter deﬁnes
the system’s ability to resolve very small modulation peaks.
Figure 2.40. – Vertical range for modulation peaks acquisition. Digitization levels for
most and least signiﬁcant bits are shown.
Also and equally important, since the amplitude of a given modulation peak carries
the information on the sample’s optical absorption, high DAQ input resolution18 trans-
lates into high optical absorption resolution of the THz-microscope. This is explained
using drawing 2.40.
18National Instruments tutorials often refer to signal magnitude resolution as the “vertical” resolution.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 65
The following speciﬁcations are commonly used for characterizing DAQ systems AC
performance, [133, 132, 134]:
Signal-to-Noise (SNR) — The ratio of the rms of the input signal level to the rms noise
level, expressed in dB;
Total Harmonic Distortion (THD) — The ratio of the sum of the powers of the ﬁrst
ﬁve harmonics above the measured fundamental frequency to the power of the
fundamental frequency19, expressed in dB, dBc or percent;
Spurious free dynamic range — The useable dynamic range20 between the maximum
signal and the strongest spurious signal, as schematically shown in graph 2.39;
SFDR is often measured and expressed as the ratio in amplitude between the fun-
damental signal and the largest harmonically and non-harmonically related spuri-
ous component from DC to the full Nyquist bandwidth (half the sampling range);
Signal-to-Noise-And-Distortion (SINAD)
Effective-Number-Of-Bits (ENOB)
The last two parameters — SINAD and ENOB — deserve particular attention.
Signal-to-Noise-and-Distortion — (SINAD)
Signal-to-Noise-and-Distortion (SINAD) is the ratio of the rms signal amplitude to the
mean value of the root-sum-square (rss) of all other spectral components, including har-
monics, but excluding DC, [132]. Signal to noise and distortion is usually expressed in
decibels to carrier and can be given as a function of SNR and THD , as covered by
equation 2.5.
SINAD = 20 · log

S
N + D

= −10 · log
h
10−SNR/10 + 10−THD/10
i
(2.5)
The above relation is valid only if SNR and THD are measured for the same input
frequency and signal amplitude, [132]. SINAD is a very good measure of the over-
19Total Harmonic Distortion Plus Noise (THD + N) is a modiﬁcation of THD in which the rms of the
fundamental signal is divided by the root sum square (rss) of its harmonics plus all noise components, but
excluding DC.
20Also colloquially referred to as “vertical” range.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 66
all AC performance of the entire DAQ system since it includes all noise and distortion
components, [132, 135]. An example SINAD characteristic is given in ﬁgure 2.41.
Figure 2.41. – Example SINAD , ENOB characteristic of a 12-bit, analogue to digital
converter sampling at 65 Mega samples per second, ﬁgure adopted after
[132]
SINAD decreases with an increase in input frequency because the performance of
analogue-to-digital input converters is degraded by high frequency distortions. SINAD
characteristics are usually plotted for frequencies above the Nyquist frequency which is
useful for evaluating the system’s performance in under-sampling applications, [132]. It
is obvious that for lower input signal frequencies the sampling frequency (given in mega
samples per second) can be reduced leading to an improvement in SINAD .2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 67
Effective number of bits — (ENOB)
SINAD is often converted to effective number of bits (ENOB), which is deﬁned by the
following equation:
ENOB =
SINADMEASURED − 1.76dB + 20 · log
h
Fullscale Amplitude
Input Amplitude
i
6.02
(2.6)
ENOB describes the signal resolution of a real analogue-to-digital converter21
Signal resolution (number of discernible levels) of an ideal N-bit digital converter
equals 2N. If a real analogue-to-digital converter is sensitive enough to acquire signals
below the noise ﬂoor, the lower bits corresponding to the smallest discernible values
will be entirely occupied (saturated) by the noise component. Thus, the resolution will
be substantially decreased since the lowest bits of the digitized signal no longer carry
any useful information. As a single parameter, ENOB meaningfully describes the DAQ
system’s overall accuracy and, because of its relation to SINAD , is extremely sensitive
to errors caused by noise and distortion in analog circuitry, [135].
Acquisition card selection — parameters considerations and discussion
The aforementioned parameters are of primary importance when choosing a DAQ card
for this project, and these should meet or exceed the following expectations:
– Minimum sampling frequency cannot be lower22 than fSampling = 2MSPS;
– the effective number of bits for the entire system should preferably equal or be
grater than 17 bits at input frequencies reaching fInput = 1MHz;
The former criterion is directly related to the QMC photodetector’s BW ¬ 850kHz
bandwidth, whereas the latter of ENOB = 17 bits relates to the amplitude of the mod-
21In fact, in equation 2.6 ENOB is derived using the relationship for the theoretical SNR of an ideal
N-bit converter, [132]: SNR = 6.02 · N + 1.76dB. For digital data acquisition systems, SNR is the ratio
of an rms full-scale analog input to its rms quantization error: SNR = 20 · log10
h
AIn[rms]
AQuantization[rms]
i
= 20 ·
log10
h
ARef
2·
√
2/
ARef
2N·
√
12
i
= 20 · log10
h
2N·
√
12
2·
√
2
i
= 6.02 · N + 1.76, where: ARef - reference signal amplitude,
[136].
22This condition relates to the QMC photodetector bandwidth of BW = 850kHz which requires, accord-
ing to Nyquist criterion, sampling frequency of at least fSampling = 1.7MSPS. 2MSPS are therefore a “safe”
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ulated optical signal. ENOB of 17 bits translates in the vertical signal resolution of
131072 discernible levels23.
A list of secondary parameters also considered when researching the market of DAQ
cards is given below:
– Minimum number of input channels is two (signal and potential reference);
– Minimum input voltage range should match the QMC output voltage range (10VPP);
– Maximum sampling rate;
– Signal-to-noise-and-distortion values for sampling frequencies of to 2MSPS or for
the maximum sampling rate;
– AC accuracy;
– Alias protection for fInput ­ 1MHz;
– Fully programmable; LabV iew and/or V C + + libraries;
Over-sampling and decimation of real input signals is also considered an effective
way of increasing ENOB by up to 1 bit, [137]. Additionally, while researching the mar-
ket of available data acquisition systems, a speciﬁc method of noise reduction which in
principle can lead to a substantial increase in ENOB was discovered. As described in
[138], averaging multiple analogue-to-digital converters acquiring the input signal in
parallel leads to a considerable decrease in uncorrelated white noise24. Practical tests
have shown that in a DAQ system with two parallel converters SNR is improved by up
to 3dB, [138]. Averaging multiple converters does not, however, improve the system’s
overall spurious free dynamic range characteristic or distortion performance. Therefore,
the usefulness of averaging multiple analogue-to-digital converters outputs for additional
ENOB bits remains rather questionable.
After extensive market research of available DAQ systems, only two potentially suit-
able candidates were identiﬁed. Table 2.5.4 presents a comparison between PXI −5922
23The optoelectronic tests carried out on real THz modulators, as presented in chapter 4, have shown
that for λ = 118µm and modulation current of Id = 10mA the voltage signal (modulation peak amplitude)
corresponding to a single pixel modulation would be in the order of several tens of micro-volts. Hence,
for a 2V input range, ENOB of 17 bits would allow to digitize a modulation peak of the aforementioned
amplitude value with a voltage resolution equal ≈ 15µV . At the same time a 14 bit ENOB value would
result in voltage resolution of ≈ 122µV .
24The authors describe telecommunication systems, thus the values of SNR are most likely given for
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by National Instruments and ACQ132CPCI − 32 − 65G/32F by D-Tacq Ltd. Unfortu-
nately, none of these two data acquisition cards meets the expectations regarding ENOB
for fInput = 1MHz. Currently, no commercially available DAQ system exists with ENOB
greater than ≈ 14.2 bits for fInput = 1MHz.
National Instruments PXI−5922 was selected as a DAQ system for this project. The
card’s ENOB of ≈ 14.2 bits for fInput = 1MHz played the decisive role in choosing the
National Instrument product. D-Tacq Ltd claimed its product could achieve ENOB of
(13.1 + 2 + 1) = 16.1 bits
 
fInput = 1MHz

with signal oversampling and multiple input
averaging for sixteen channels, but no additional data was ever provided by the company
to conﬁrm its statements.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 70
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2.5.5 The device principle of operation
In this section an overview of the physics background for this project is given. Two main
physical principles behind the modulator operation are:
– free-carrier absorption, used in amplitude modulation of midwave infrared MWIR
as well as longwave infrared LWIR
– Plasma reﬂectivity, enabling manipulation of far infrared and spanning the submil-
limeter waves ranges.
Longwave infrared radiation regime – Free-carrier absorption
Three absorption mechanisms involving change in the electronic energy can be speciﬁed
in semiconductors:
– intrinsic absorption – bandgap transition (visible, near-infrared, MWIR and LWIR
detectors),
– extrinsic absorption – impurity level-to-band absorption, LWIR response,
– sub-band transition – transitions between discrete energy states in quantum struc-
tures, LWIR ,
– free-carrier absorption – photon absorption by free carriers,
The free-carrier absorption contribution is small and can be neglected within the wave-
length regime corresponding to interband transitions [47, 139]. It becomes signiﬁcant,
however, for light quanta with energy below the bandgap absorption edge. If additional
carriers are injected into a semiconductor structure (P+N junction or P-i-N diode oper-
ating under forward bias) an increase in free-carrier absorption is achieved. Since the
absorption coefﬁcient of a given material of a known thickness can be translated into
optical transmission as described by Beer’s Law, free-carrier absorption can be used to
electronically amplitude modulate infrared and THz radiation.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 72
By “free carrier” we understand a carrier which is free to move within the energy
band, either valence or conduction, able to make therefore a transition to a higher energy
state, [140]. Free-carrier absorption is modeled by Drude-Zener theory referenced in
[141, 142]. This transition requires an additional interaction to conserve momentum.
Free-carrier absorption (FCA) is characterized by a continuous spectrum which rises with
λp, where p = 1.5 − 3.5 depending on the way momentum conservation is achieved,
[140, 141]. According to, [143, 141], p = 1.5 corresponds to the interaction of the free
carriers with the longitudinal acoustic phonons, p = 2.5 involves the interaction with
the longitudinal optical phonons and p = 3.5 arises from absorption due to charged
centres such as impurities and lattice defects, [143]. Scattering by ionized impurities can
in fact give the increase as λ3 to λ3.5 depending on the approximation used in the theory,
[140, 141].
Gonzalez-Hernandez et al, [143], who studied free carrier absorption applied in the
region of 3µm to 40µm in Ge : Sb : Te systems, states that in general (not only in
Ge : Sb : Te systems) the best ﬁt to the experimental data can be found if the absorption
coefﬁcient for free carrier absorption is given by the equation:
αFC = A · λ1.5 + B · λ2.5 + C · λ3.5 + D (2.7)
where: A,B,C,D are adjustable constants that depend on certain physical parameters of
the material.
A very good discussion of the theory relating to free carrier absorption was carried out
by Dumke in [144]. According to Dumke, the difference in λp factors can be described
as the the difference between classical and quantum theories of free carrier absorption.
The quantum mechanical calculation of the free carrier absorption is usually carried out
for short wavelengths for which photon energies are comparable or larger than E = k·T
(where E is the thermal energy E = 0.026eV ). Quantum theory, therefore, considers
interactions of the free carriers with phonons and scattering by charge centres, whereas
a classical treatment of absorption neglects these interactions leading to an expression in
which p = 2 and αFC ≈ λ2, [143, 144]. Dumke states that in quantum theory for photon
energies h · ν  k · T the free carrier absorption formula simpliﬁes to λ2, which is in
fact the classical expression for free carrier absorption that can be obtained on the basis
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of the quantum theory overlaps with the classical theory over a certain span of photon
energies (which are: E ≈ k · T). The criterion for the applicability of the classical theory
of free electron absorption relates to photon energies and states that the classical theory
is applicable when photon energies are h · ν  k · T for T = 300K, [144]. This photon
energy translates into λ ≈ 48µm, meaning that αFC ≈ λ2 guarantees the best ﬁt to
the experimental data in the long wavelength regime. Dumke argues, however, that the
classical theory of free carrier absorption provides good agreement with experimental
data for photons of much higher energy than k · T, [144]. The discrepancy between the
values calculated using quantum theory and the classical model are smaller than 8% for
photon energies reaching h·ν = 15·k·T, [144]. Therefore, the classical model (αFC ≈ λ2)
can also be applied for wavelengths starting from λ ¬ 3.18µm. The conclusions of the
above discussion are in line with the free carrier absorption theory provided in [47] that
states that the free carrier absorption effects in Silicon (Eg ' 1.1eV ) are most noticeable
in the spectra region of λ ­ 5µm.
For the following calculations p = 2 as this value of the exponent provides the best
data ﬁt for wavelengths λ ¬ 3.18µm, [145].
Neglecting the Fresnel losses, the light beam, passing through a sample of thickness
t = th, is attenuated due to the free-carriers absorption as given by the following equa-
tions:
αtotal (t) = α0 + αFCA (t) (2.8)
I (t) = I0 · exp(−αtotal · t) (2.9)
where:
α0 – constant absorption related to, for example, dopant induced free carriers,
[146];
t – sample thickness;
I0 – initial intensity; intensity of the impinging beam (for t = 0).2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 74
According to, [139], free-carrier absorption coefﬁcient related to the total carrier
concentration, is given as (shown for holes):
αFCA =
q3 · λ2 · p
4 · π · 0 · c3 · ni · (m∗)2 · µ
(2.10)
where:
q = 1.6021 · 10−19 – elementary charge, [C];
p – density of carriers (n-electrons; p-holes)
h
1
cm3
i
;
ni – refractive index;
m∗ – carrier effective mass;
µ – mobility.
By substituting the appropriate numerical values, the above equation can be simpli-
ﬁed to:
αFCA = 1.54 · 10−17 ·
λ2 · p
µ ·
 m∗
m
2 (2.11)
Taking after [139], for a standard Silicon structure:
m∗
n
m = 0.28,
m∗
p
m = 0.37, µn ' 100cm2
V ·s
and µp ' 50cm2
V ·s gives:
αn ' 1 · 10−18λ2 · n (2.12)
and for holes:
αp ' 2.7 · 10−18λ2 · p (2.13)
where:
λ – wavelength in micrometers;
n – electron concentration;
p – hole concentration.
In 2.12 and 2.13, wavelength is given in micrometers, whereas the carrier concen-
tration is in

1/cm3
, [139]. From these equations, the value of a free carrier absorption
coefﬁcient and corresponding transmission for a given concentration and unity thickness
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Figure 2.42. – Free carrier absorption in Silicon – sample thickness 1cm
Figure 2.43. – Free carrier absorption in Silicon – sample thickness 200µm2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 76
Graph 2.42 presents FCA transmission characteristics for a 1µm thick sample. The
transmission factor calculated for a 200µm thick sample is shown in ﬁgure 2.43. As
seen from the graphs, depending on the carrier injection free-carrier absorption within
longwave radiation is expected to be sufﬁciently strong to allow amplitude modulation.
Plasma reﬂectivity – THz radiation manipulation
The amplitude modulation for very long wavelengths (deep THz regime) can also be
performed taking advantage of induced plasma reﬂectivity. This subsection explains that
phenomenon.
Plasma oscillations are periodic oscillations of charge density in conducting media
such as plasmas, metals or highly doped semiconductors. In a neutral plasma composed
of an electron-ion gas, these oscillations occur due to charge displacement from equilib-
rium. The Coulomb Force acts to restore the local neutrality of the gas and because of the
inertia of the electrons which overshoot their previous rest positions, oscillations occur,
[147, 47]. These collective oscillations of free charge carriers occurring against lattice
atoms can also be termed as plasmon oscillations, [148]. The plasma frequency is given
by equation 2.14.
ω2
p =
 
e2 · N
m∗
c · ∞ · 0
!
(2.14)
where:
N – carrier concentration;
0 – is the free space dielectric constant;
∞ – is the high frequency dielectric permittivity of the material (due to the bound
of electrons).
It can be shown, [147, 47], that for Silicon relative dielectric constant r equals:
r = 1 −
ω2
p
ω2 (2.15)
The complex refractive index ˜ n of a given material is related to the complex dielectric
constant by ˜ n =
√
r, [47]. Knowing that:
R =


 
˜ n − 1
˜ n + 1


 
2
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Thus, at ω > ωp, r is negative and sharp increase in reﬂectivity, termed “plasma re-
ﬂection edge” is observed, [147]. From equation 2.14 we see that plasma frequency is
√
N (where: N — carrier concentration) dependent, and also, relates to the material
properties through m∗
c and r. Equation 2.14 thus determines the spectral position of the
plasma reﬂection edge (steep increase in reﬂectivity), [148]. Therefore, optical charac-
terization of semiconductor materials, such as reﬂectance spectroscopy, can be based on
measurements of plasma frequencies, [149, 147, 148]. Figure 2.44 shows a reﬂection
spectrum in the range of the plasma reﬂection edge of transparent conducting oxide.
The ﬁgure was adopted from [148].
Figure 2.44. – Typical reﬂection spectrum of a transparent conducting oxide ﬁlm in the
area of the plasma reﬂection edge, adopted from [148]
Plasma frequency for Silicon can fall within the THz region, [150]. Thanks to that,
this well researched material is perfect for manipulating THz frequencies by means of
plasma reﬂectivity.
Figures 2.45(a) and 2.45(b) present the calculated plasma reﬂection edge for Silicon
and Germanium. The following numerical values were substituted into equations, [151].
Effective mass to equal m∗ = ml·mt
ml+mt.
Parameter Silicon Germanium
∞ 11.7 16.2
ml 0.98 · m0 1.6 · m0
mt 0.19 · m0 0.08 · m02.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 78
2.45.(a) Plasma reﬂection edge 2.45.(b) Plasma reﬂection edge in Silicon
Figure 2.45. – Plasma calculations
From graphs 2.45(a) and 2.45(b) we see that for Silicon, the plasma reﬂection state
can only be achieved under very high injection conditions (λP ≈ 100µm for N ≈
1019cm−3). The usefulness of plasma reﬂectivity screening in real Silicon structures is
therefore limited only to submillimetre region.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 79
2.5.6 Modulator design
As seen in ﬁgure 2.46 the modulator device is a P-i-N diode (P+PN+ structure) in
cross section. The electric contacts form the transmission holes. By injection of additional
carriers, the attenuation is increased. This relates to free-carrier absorption which will be
used for modulating the THz radiation below for optical frequencies above the plasma
frequency. A fraction of the the Far-Infrared radiation impinging on the modulator’s
front face will be transmitted through its structure depending on the applied bias.
Figure 2.46. – Modulator’s structure cross section
The modulator was designed by Dr. Carsten Gollasch during his PhD research at the
ECS. The modulator is formed in a 200µm thick, high resistivity silicon wafer charac-
terized by long carrier lifetime. The latter parameter is of particular importance since
it relates to the diffusion length of carriers. Obviously, the diffusion length of carriers
should be greater than the thickness of the modulator device.
As seen in ﬁgure 2.47(a) the metal layer was removed to open sixteen input windows.
The modulator’s pixel matrix is only 4 by 4 pixels in size – this device is to, quoting Prof.
Rutt, “show the proof of principle”. On the back side of the modulator wafer connection
leads were shaped. The holes’ diameters are the same for both sides of the wafer. It
is worth noting, though, that only the shape and diameter of the resolution deﬁning
apertures (situated at a distance z ¬ φ from the target) is of importance for imaging.
The shape, opening diameter and, to some extent, the position of the back contact do
not inﬂuence the optical resolution of the device.2.5. MULTIPLE SUB-WAVELENGTH APERTURE IMAGING MODULATOR 80
2.47.(a) Front side face // Proper THz sub – wave-
length apertures
2.47.(b) Back Side contacts
Figure 2.47. – The modulator chip faces – version φ = 15µm
Three versions of the modulator chip are available for testing25. These vary in size:
φ1 = 15µm, φ2 = 10µm and φ3 = 5µm. The pixels are spaced at ≈ 100µm. The trans-
mission factor for sub-wavelength apertures, expressed after 2.3, was taken into consid-
eration during the design process.
25In fact, four versions of the modulator were fabricated, but because of a design error, the largest pixel
diameter version with φ = 20µm was made dysfunctional and as such could not be used in any tests.Chapter 3
Sub-λ Aperture Transmission
“Extraordinary claims...
...require extraordinary evidence.”
Carl Sagan (1930-1996), American Scientist and Writer
Understanding sub-wavelength aperture physics is important prior to characterizing
the modulators experimentally. Also, being able to predict the optical transmission as
a function of the aperture’s diameter, screen thickness and material, is crucial to the
future modulator designs. Several sub-wavelength aperture transmission theories will
be reviewed in this chapter. THz sub-wavelength aperture transmission ﬁgures will be
measured and compared with the theoretical ﬁndings to ﬁnd a suitable sub-wavelength
aperture transmission theory.3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 82
3.1 Sub-Wavelength Aperture Transmission Physics – Review
The transmission of light through apertures has been studied since the ﬁfteenth century,
[152, 153, 154, 155]. It was already observed at that time, that the transmitted light
diverges considerably from the original path if the aperture diameter is reduced to ap-
proximately ten wavelengths (2·a ≈ 10· λ). This diffraction phenomenon, schematically
shown in ﬁgure 3.1, becomes more complex when the aperture diameter decreases to the
sub-wavelength range. As seen in ﬁgure 3.1, a stands for radius of the physical aperture.
Figure 3.1. – Diffraction of light by apertures
Several theories of sub-wavelength aperture transmission have been developed to
date:
– Rayleigh’s theory of small apertures
– Kirchoff’s scalar diffraction theory
– Bethe theory
– Bethe-Bouwkamp (Bouwkamp) theory
– Uniform Field Model (UFM)
– Recent numerical simulations (by Garcia De Abajo et Al.)
A comparison between the three analytical models – Bethe, Bethe-Bouwkamp and
UFM – is provided at the end of this section. All the models were derived for diffraction
cross-sections of the physical apertures used in sub-wavelength regime. The models are3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 83
compared by virtue of the normalized diffraction cross-section, which is a diffraction
cross-section divided by a physical area of the aperture.
A very comprehensive and detailed review of the current state of sub-wavelength
aperture transmission theories can be found in [152].
3.1.1 Mesoscopic range and evanescent waves
Before reviewing the sub-wavelength aperture transmission models, the near- and far-
ﬁeld imaging zones are deﬁned. Additionally, the interaction of light of a wavelength
comparable to the dimension of the interfering/interacting obstacle will be brieﬂy men-
tioned. An excellent review of the physics of near ﬁeld optics is given in [155].
The adjective “mesoscopic”, when used with regard to optics, deﬁnes the situation
when the dimensions of physical obstacles of the order of the incident wavelength1,
[155]. As an example, for visible light “mesoscopic” would correspond to object dimen-
sions between λ = 0.1µm to 1µm . Consequently, “nanoscopic” is understood as struc-
tures with dimensions of below 0.1·λ .
As pointed out in [155], and also stressed by Garcia De Abajo in [157], when treating
many sub-wavelength problems, most analytical approximations fail to properly cover
the mesoscopic range. Numerical methods traditionally used in wave optics are not well
suited to describe the effects typical for the mesoscopic range. This problem is related to
the existence of an evanescent component of the electromagnetic ﬁeld in the near-ﬁeld
zone close to mesoscopic scatterers, [155]. The amplitude of the near-ﬁeld wave decays
very rapidly along the direction perpendicular to the interface which is the evanescent
wave character of the near-ﬁeld, [154]. Evanescent waves carry information about spa-
tial features which are smaller than the wavelength, but this is lost at observation dis-
tances d  λ, [158]. Two regions of observation can therefore be deﬁned: the far-ﬁeld
for d  λ over which the evanescent waves can be neglected, and the near-ﬁeld region
corresponding to d  λ where the the evanescent waves can be used for imaging, [158].
(In the far-ﬁeld, the amplitude of radiation ﬁelds decays as 1
d, where d is the distance
from the aperture (radiator), [159].) A sub-wavelength aperture can be treated as a
source of new wavelength comparable to the dimension of the aperture (radiator) – this
1“Mesoscopic physics” is often deﬁned as the ﬁeld of physics that treats the properties of solids whose
size is in the intermediate range between bulk matter and individual atoms or molecules, [156]. Thus, the
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leads to a sub-wavelength imaging requirement that the object should be no farther than
d < φ from the resolution deﬁning aperture.
Today, much of the interest regarding sub-wavelength aperture transmission in the
near-ﬁeld is given to evanescent waves. According to [154], the physics of Optical Evanes-
cent Waves constitutes a central concept in near-ﬁeld optics (NFO). Optical evanescent
waves in Scanning Optical Microscopy with visible light can be characterized by the fol-
lowing features, [154]:
Decay Law exp(−Rη)
Decay Length η−1 ≈ 200nm
Even though the physics of evanescent waves is an important concept in near-ﬁeld
optics, this subject remained poorly developed until the 1960s, [155]. The analysis of
the skin depth effect at metallic surfaces was the ﬁrst recognition of the existence of
evanescent EM waves, [154]. Frano et al. in [155], were ﬁrst to observe the anomalies
in the diffraction of light by metal gratings and concluded that they are related to the
excitation of evanescent electromagnetic modes bound to the surface of metal screens.
In the mesoscopic range, the accurate treatment of evanescent waves requires one to
deal with the electromagnetic boundary conditions at each interface and to include re-
alistic dielectric responses. Therefore, as discussed on page 93 when referring to Garcia
De Abajo’s Boundary Element Method, computational methods are particularly suitable,
[157]. It is shown in section 3.1.7 on page 93 that the Boundary Element Method is the
only method that allows an accurate description of the mesoscopic range of a
λ .
3.1.2 Rayleigh’s theory of small apertures
One of the earliest approaches to describe optical transmission through sub-wavelength
apertures was provided by Lord Rayleigh in 1897, [160, 161]. Lord Rayleigh stated that
in the vicinity of an aperture, the electromagnetic distributions can be calculated assum-
ing the wavelength to be inﬁnite, thus resulting in a
λ very small. Rayleigh obtained the
amplitude of the diffracted wave by deriving capacitance of a metal disc of the same size
and of the same shape as the aperture, [161]. It is – very vaguely, though – explained
in [161] that by evaluating the Rayleigh solution it was possible to calculate the trans-
mission coefﬁcient, τ, that would include terms of order ≈
 a
λ
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this chapter, most of the models for sub-wavelength aperture transmission include terms
of λ−4 order. Lord Rayleigh’s approach was in fact the ﬁrst theory to predict the
 a
λ
4
behaviour of sub-wavelength aperture transmission.
It is important to note that the equation for transmission coefﬁcient, τ, derived by
Rayleigh relates to amplitude of the diffracted wave, [161].
3.1.3 Kirchoff’s scalar diffraction theory
Kirchoff’s scalar diffraction theory was another early description of the optical trans-
mission through apertures, [162]. Kirchoff’s theory assumes that the aperture screen is
opaque and completely absorbing and is valid only if the aperture radius, a, is large com-
pared to λ. In fact, Kirchoff mentioned in his papers that his theory is only applicable to
large openings, [163]. In other words, Kirchoff’s scalar diffraction theory is not applica-
ble when a
λ < 1. As the aperture becomes small compared with λ , the diffraction lobes
bend over more toward the screen and Kirchoff’s theory assumptions lose their validity.
Another deﬁciency of Kirchoff’s theory is that Kirchoff used a scalar equation approach,
while the electromagnetic ﬁeld is vectorial, [162, 163, 122].
None of the components of Kirchoff’s transmission coefﬁcient takes into account the
resonance behaviour at wavelengths comparable to the aperture dimension. Additionally,
transmission coefﬁcients derived using Kirchoff theory give wrong order of magnitude
at longer wavelengths, [160]. A very good explanation of Kirchoff’s scalar theory of
diffraction and its relation to sub-wavelength aperture transmission problem is given in
[161].
3.1.4 Bethe theory
The shortcomings of Rayleigh analysis and Kirchoff’s theory were addressed by Hans
Bethe in his frequently referred 1944 paper, [122]. Bethe gave a complete analysis of the
diffraction of electromagnetic radiation by a circular hole which is small compared with
the incident λ. The results of Bethe work were different from those obtained by Kirchoff,
[161]. Bethe considered Rayleigh’s approach, and extended his theory to apply it for an
arbitrary spatial incident ﬁeld, [160]. In [164] we read2, that the original motivation
behind Bethe’s work was to examine “the effect of a small hole in a cavity” and “the effect
2The paper discusses Bethe theory’s applicability to arrays of multiple apertures.3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 86
of a small gap in a waveguide”. Initially, Bethe model was often termed Bethe Dipole
Model or Bethe Dipole, but today is widely referred to as Bethe Theory.
Before the work of Bethe, the sub-wavelength aperture transmission models failed to
accurately meet the boundary conditions at the aperture, meaning that there should be
no tangential component of the electric ﬁeld on the screen. This deﬁciency, although neg-
ligible in case of large apertures, becomes increasingly problematic as the hole diameter
“2 · a” is decreased to the sub-wavelength region, [165]. Bethe overcame this limitation
by satisfying Maxwell’s equations and the boundary conditions by introducing ﬁctitious
magnetic surface charges and currents in the aperture region. This new feature was used
to represent the diffracted ﬁeld within the aperture area, [160, 122]. Bethe assumed that
the diffraction takes place for an aperture situated in a perfectly conducting, completely
opaque screen of negligible thickness.
Bethe obtained the transmission cross section, τ of a small hole in inﬁnitesimally thin
ﬁlms by considering a distribution of those magnetic charges and currents in the hole. He
used the fact that the induced electric ﬁeld is perpendicular to the screen on its surface,
[157, 166]. With these constructs in place, the tangential components of the electric
ﬁeld on the screen vanish (boundary conditions satisﬁed) and diffraction through sub-
wavelength holes can be adequately described, [165]. In other words, Bethe needed to
ﬁnd a solution to the problem of aperture transmission, satisfying the boundary condi-
tions for which the electric ﬁeld within the screen plane has a zero value outside of the
aperture, but a non-zero value within the aperture area. An additional difﬁculty was that
the boundary conditions would be independent of the aperture diameter. Bethe found
a solution to this problem by introducing a theoretical3 concept of magnetic currents in
the aperture. Additionally, Bethe assumed that the aperture is very small in comparison
to the wavelength so that the values of the magnetic and electric ﬁelds can be considered
constant over the aperture area. Bethe deﬁned the magnetic surface current and mag-
netic surface charge within the plane of the aperture screen. The former corresponds to
discontinuities of the magnetic ﬁeld, while the latter to the discontinuities of the electric
ﬁeld. As explained in [122], the electric ﬁeld within the aperture is directly related to
the magnetic surface currents. Consequently, by calculating the magnetic surface cur-
rents within the aperture (screen plane), Bethe could derive the values of the magnetic
3Bethe states that the magnetic current density and magnetic charge density have no physical meaning,
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and electric ﬁeld on the output side of the aperture.
The concept of magnetic charges is used extensively by various researchers even
today for tackling many problems related to sub-wavelength transmission. This is evident
as seen in [152, 157, 166, 167].
According to Bethe, the total diffraction cross section σ is given by equation 3.1,
while equation 3.2 covers the normalized diffraction cross section, τ.
σ =
64
27 · π
·

2 · π
λ
4
· a6 ·

1 +
1
4
· sin

(3.1)
τ =
σ
π · a2 =
64
27 · π2 · (k · a)
4 ·

1 +
1
4
· sin

(3.2)
where:
σ – diffraction cross section of the hole,
τ – Bethe transmission coefﬁcient (normalized diff. cross sect.),
 – angle of incidence;
k – wave vector, k = 2·π
λ ;
a – hole (aperture) radius;
Even though that the Bethe’s calculations of the diffraction cross section focus on
“transmission efﬁciency for the wavelength amplitude”, the normalized diffraction cross
section, σ, is derived for intensity (power) transmission 4, [122]. Garcia De Abajo in
[157] deﬁnes the diffraction cross section σ as the area by which one has to multiply
the incoming photon ﬂux per unit area to obtain the transmitted photon ﬂux. As already
mentioned, for transmission calculations, the cross section is normalized to the aperture
area and is sometimes termed Bethe transmission coefﬁcient.
There are several disadvantages to Bethe theory. The theory is derived for the case
when the aperture radius, a, is much smaller than λ and loses validity if the aperture
radius is larger than 0.2 of λ (a
λ > 0.2), [157, 152, 167, 162, 166, 153, 169, 122]. Figure
3.2 presents the results of the calculations of Bethe diffraction cross section, σ, carried
4Surprisingly, many researchers incorrectly refer to the normalized diffraction cross section as a param-
eter expressing transmission of electromagnetic energy. In [164] we ﬁnd that when considering the power
transmittance of a TE10 laser mode through a sub-wavelength aperture the authors refer to the transmitted
power factor as: T = τ
2
10; where τ10 is Bethe transmission coefﬁcient (normalized diffraction cross section)
for the TE10 mode. Transmission of electromagnetic energy, not intensity, is also mentioned in [168] when
describing the Bethe transmission coefﬁcients, τ, for optical hole arrays. In [161] the electromagnetic ﬁelds
with their respective amplitudes are mentioned when referring to plane wave transmission coefﬁcients for
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out in MatLab. In the ﬁgure, the diffraction cross section’s radius is plotted for various
λ as a function of real (physical) aperture radius. This shows that Bethe theory losses
validity for a
λ ­ 0.23. Since irrespective of the wavelength of radiation, the diffraction
cross section radius exceeds the actual, physical radius of the aperture for a
λ ­ 0.23,
which is physically unreasonable.
Figure 3.2. – Bethe diffraction cross section radius calculated as a function of actual,
physical aperture radius
A very interesting piece of information regarding the validity of the Bethe Theory can
be found in [170]. As pointed out in the paper, Bethe’s work is not considered adequate
for describing the behaviour of real apertures formed in metal screens made of, for in-
stance, Silver. According to the authors, Bethe used the approximation that the magnetic
ﬁeld is constant through the hole, but for real metallic apertures (the screen’s material
is no longer a Perfect Electric Conductor) this is not the case and as such Bethe’s theory
loses validity for a
λ < 0.0625, [170]. The authors refer to experimental data that show
that Bethe is no longer valid for lambda longer than 800nm for real metal apertures of
50nm in diameter. The above observation is particularly interesting as it reveals another
limitation of Bethe Theory, this time, however, existing for the “bottom” end of a
λ range.
An additional drawback of the Bethe theory stems from the fact that he considered
a completely idealized case: inﬁnitesimally thin screen which is a perfect electric con-
ductor, [163, 166]. Having made the above assumptions, Bethe derived a simpliﬁed ex-
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transmission through non-perfectly absorbing screens was presented in [171].
Another deﬁciency of Bethe’s theory has been pointed out by the discovery of ex-
traordinary optical transmission (EOT) through hole arrays, [164, 168]. Bethe’s theory
does not account for this phenomenon. Extraordinary optical transmission is analyzed in
greater detail starting from page 104.
As explained in [155], the Bethe model was described as “curious”, since it lacks any
reference to an evanescent component of light. The model involved magnetic charges
and was developed with the intention of ﬁnding a solution to the problem of the far-ﬁeld
diffraction of light by sub-wavelength apertures. As such, Bethe did not pay any particu-
lar attention to near-ﬁeld phenomena and effectively disregarded evanescent waves5.
In Bethe’s original work the electric ﬁeld in the aperture was not continuous due to an
error in the magnetic current density expression, [165]. The error, which did not affect
the calculated ﬁelds far from the aperture, leads to erroneous results in the aperture’s
near-ﬁeld, [165, 161]. The error was later corrected by Bouwkamp, which resulted in
Bethe-Bouwkamp theory described in the next section. When further considering near
ﬁeld aspects of Bethe theory, a very interesting remark regarding Bethe’s approach can
be found in [155]. The author points out that the assessment of the near-ﬁeld zone at
the exit of the aperture was possible in principle, but experimentally irrelevant at the
time when Bethe carried out his research. It was almost ten years later, when several
authors experimentally applied Bethe theory in near-ﬁeld microscopy using microwaves,
[160, 169]. The results conﬁrmed the existence of an important exponentially decaying
ﬁeld near the exit of the aperture, [155]. Also, as discussed in [169], clear indication of
the enhanced optical transmission phenomenon for a
λ ≈ 0.5 was revealed. The existence
of the enhanced optical transmission – even though the nature of the phenomenon is still
discussed by some researchers today – and the fact that Bethe did not discuss it in his
paper, were another example of Bethe theory’s limitations. Therefore, it became obvious
that Bethe’s theory was missing a crucial part of near ﬁeld physics.
Paper [172] discusses the modiﬁcations of Bethe’s theory for the case of absorb-
ing and dielectric screens. The author based his work on the modiﬁcation of Bethe-
Bouwkamp model, but calculated his solution using the Babinet principle6
5On the basis of the relevant literature review and discussion relating to Bethe’s work, it can be stated
that, at the time of writing his paper, Bethe was most likely unaware of the existence of evanescent waves.
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3.1.5 Bethe-Bouwkamp theory – Bouwkamp’s modiﬁcation of Bethe The-
ory
Bethe-Bouwkamp is a modiﬁcation of Bethe theory carried out by Bouwkamp and pub-
lished in 1954, [153, 161]. Recently, Bouwkamp model was explained in detail in [152].
The Bethe-Bouwkamp approximation for the normalized diffraction cross section, as
presented by Bouwkamp in his earliest paper [161], is given by equation 3.3. In practice,
the simpliﬁed equation expressing the normalized diffraction cross section 3.4 is often
used for calculations, [157, 152, 153].
τ =
8
27 · π2·(k · a)
4·

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8
25
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Similar to Bethe theory, Bethe-Bouwkamp approximation is valid only for k · a =
2·π·a
λ << 1. Thus, just like Bethe Theory, Bethe-Bouwkamp is rather inaccurate for a
radius larger than 0.2 · λ (a
λ > 0.2) and cannot be used for a
λ > 0.23, [153, 157]. Garcia
de Abajo compared both models to his numerical simulations of aperture transmission,
which are also described later in this chapter. Garcia de Abajo states that for the 0.07
< a
λ < 0.15 range, the Bouwkamp correction terms in Bethe-Bouwkamp equation ﬁt the
simulation results better than Bethe’s theory. Bethe-Bouwkamp, however, breaks down
earlier as the a
λ ratio increases. This is clearly seen in ﬁgure 3.4 where Bethe-Bouwkamp
model is compared with Bethe Theory as calculated by the author, as well as in graph
3.7 which was adopted from Garcia de Abajo’s paper: [157]. In other words, Bouwkamp-
Bethe model is more accurate for describing diffraction when a
λ decreases below < 0.15,
but Bethe Theory remains valid for a
λ up to 0.23, [157].
The work initiated by Bethe and Bouwkamp on the idealized perfectly conducting, in-
ﬁnitely thin screens laid the foundation for subsequent theoretical treatments designed
for more accurate description of the electromagnetic ﬁeld distribution. The results of
Bethe and Bouwkamp’s research are nowadays applied in near ﬁeld microscopy for ex-
amining the speciﬁc geometry of NSOM probes, [165]. Modern modiﬁcations of Bethe-
as the ﬁeld scattered by a complementary perfectly electrically conductive disk, except the opposite ± sign
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Bouwkamp theory focus on using the theory for a perfectly conducting screen with a
ﬁnite thickness, [165].
On the basis of the relevant literature study involving some recent publications, [166,
167, 155, 172, 152, 157], it is the author’s observation that currently Bethe-Bouwkamp
is quoted by many researchers more often than the original Bethe Theory. In this Thesis,
however, the original Bethe theory is used for sub-wavelength aperture transmission
calculations due to its marginally wider a
λ validity in comparison to Bethe-Bouwkamp.
3.1.6 Uniform Field Model
This model was ﬁrst presented by Chang et al in [152]. The model was developed on
the basis of the original Bethe Theory, with Bethe-Bouwkamp theory taken into consid-
eration. The main goal of developing this new sub-wavelength model was to modify the
already existing theory such that Uniform Field Model would also embrace the enhanced
optical transmission phenomenon. This is the main advantage of UFM over the remaining
theories.
The fundamental assumption of the uniform ﬁeld model is similar to Bethe’s assump-
tion that the magnetic current is uniform within the aperture. Additionally, for the uni-
form ﬁeld model, the magnetic currents’ densities are also assumed to be constant over
the aperture. Similar to Bethe’s work, in the Uniform Field Model the thickness of the
screen is inﬁnitely small, however, in violation of Bethe’s initial condition, the diffraction
cross section is in this case derived for wavelengths λ ≈ a. According to the authors, the
Uniform Field Model is capable of describing the normalized diffraction cross section for
the nanoscopic wavelength regime for which a
λ > 0.2, [152].
Figure 3.3, adopted from [152], gives an interesting comparison between the three
models. The three models were plotted for the normalized diffraction cross sections
showing the enhanced optical transmission peak for the Uniform Field Model. (The sec-
ond model/method that reveals enhanced optical transmission is the Abajo model.) The
three models – Bethe, Bethe-Bouwkamp and UFM – are better shown for the a
λ < 0.25
regime in ﬁgure 3.4.
As seen in ﬁgure 3.3, there are several differences between the Bethe approach and
the Uniform Field Model. Aside from the occurrence of an enhanced optical transmission
peak, located around a
λ ≈ 0.13, the Uniform Field Model appears to properly deﬁne the3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 92
Figure 3.3. – Normalized cross section as a function of normalized radius for several
analytical models, including UFM, as well as Abajo method. Adopted from
[152].
normalized diffraction cross section only for a
λ < 0.13. Only the Abajo method has the
right limiting behaviour for a  λ. The ﬁgure was adopted from [152]. For comparison
purposes all the models presented in the graph are shown for normalized diffraction
cross sections.
The authors argue that UFM accurately encompasses the most important features of
the two other models, [152]. UFM reduces to ≈ (k · a)
4 equation as Bethe-Bouwkamp’s
dipole model does for radii smaller than a
λ < 0.13. Also, this analytical model demon-
strates the transmission enhancement similar to the results of the boundary element
method.
Graph 3.4 presents the calculated values of the normalized diffraction cross sections,
τ, of the three models discussed in the preceding sections. Bethe and Bethe-Bouwkamp
give identical values of τ for a
λ < 0.075. Bethe-Bouwkamp approaches τ = 1 for a
λ ≈
0.175, whereas “standard” Bethe theory remains valid up to a
λ ¬ 0.23. There is a consid-
erable discrepancy between Bethe-Bouwkamp, Bethe models and UFM: the latter gives
greater transmission for the same a
λ value. For a
λ = 0.10, UFM shows transmission which
is greater almost by an order of magnitude than the corresponding Bethe transmission,
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The results of the experimental measurements of sub-wavelength aperture transmis-
sion tests will be compared in section 3.3 with the values of T = τBethe calculated using
Bethe theory.
Figure 3.4. – Comparison between Bethe, Bethe-Bouwkamp and UFM
3.1.7 The Boundary Element Method
The boundary element method was presented by Garcia De Abajo in [157].
Garcia de Abajo’s intention was to devise a theory for 1.5 < a
λ < 2.5 that would
also accurately cover the mesoscopic range where 0.1 < a
λ < 1. Abajo explains that the
condition for which the incident λ approaches a causes calculation difﬁculties. This is
because the a
λ region where a is comparable to λ in value cannot easily be addressed
by analytical means. Therefore, numerical simulations become essential in solving this
problem, [157]. Thus, this very general theory (method) presented by Abajo is based
entirely on the results of his numerical simulations.
The Abajo method is the only method that deals with screens of non-zero thicknesses.
The boundary element method is also very interesting since, as demonstrated later, the
normalized cross section calculated by Abajo does not exceed 1 for a
λ greater 1. In con-
trast to the boundary element method, all other analytical models and theories presented
to date, even if valid for a
λ < 1, result in τ  1 when a
λ > 1. The Garcia De Abajo’s results
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with analytical models (Bethe and Bethe-Bouwkamp). More importantly, however, the
boundary element method remains valid also for the non-subwavelength, macroscopic
regime of a
λ .
The method is derived assuming – like Bethe – that the magnetic current is uniform
within the aperture. The boundary element method was presented in great detail in
[157], the original paper by Garcia de Abajo. Initially, the screen was made inﬁnitely
thin subsequently including the case of non-zero thicknesses.
The boundary element method consists in solving Maxwell’s equations numerically in
the presence of a perfectly conducting screen. In this method, the electromagnetic ﬁeld
is expressed in terms of boundary charges and currents within each homogenous region
of the geometry under consideration, [157]. Those boundary sources are subsequently
obtained by imposing the customary boundary conditions on the electromagnetic ﬁeld.
As explained in the paper, this method has already been applied to other problems like
the simulation of electron low-energy losses in the presence of complex targets, [157].
Figure 3.5 presents the calculated normalized diffraction cross section. This and the
following two ﬁgures were adopted from [157].
Figure 3.5. – Normalized diffraction cross section - adopted from [157]
As seen from ﬁgure 3.5, or better 3.6, similar to all the analytical models presented
previously, the normalized diffraction cross section, τ, shows a (k · a)
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the small-aperture limit. Abajo method is compared to Bethe and Bethe-Bouwkamp in
ﬁgure 3.7. It is interesting to note, however, that the boundary element method shows
a maximum in the sub-wavelength regime for a
λ ≈ 0.27. Abajo refers to this peak as
to an optically enhanced transmission peak. The enhancement peak occurs at a smaller
radius and increases as the screen thickness approaches zero, [157]. This is clearly seen
in ﬁgure 3.6.
Figure 3.6. – Normalized diffraction cross section for various screen thicknesses -
adopted from [157]
Another important observation is that as the relative screen thickness increases, the
transmission decreases considerably in the sub-wavelength region. The results presented
by Abajo are unique since they were calculated for perfect electric conductor screens,
but of ﬁnite thicknesses. Abajo writes that “the actual value of the transmission for a given
radius decreases nearly exponentially with ﬁlm thickness in the long wavelength limit, and
this permits one to speculate that the transmission is actually mediated by evanescent modes
that propagate along the hole”, which is in fact typical waveguide below cut-off behaviour,
[157].
One of the conclusions of [157] is that for a
λ < 0.2 all the theories and also Abajo’s
method are correct and give very similar results. For a
λ > 0.2, however, the analytical
models based on charge calculations are no longer valid (that was also clearly seen
in ﬁgure 3.3 which was adopted from [152].). As such, only the Abajo method allows3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 96
Figure 3.7. – Normalized diffraction cross section for various screen thicknesses com-
pared to Bethe and Bethe-Bouwkamp - adopted from [157]
accurate and valid calculations for the mesoscopic a
λ regime7.
3.1.8 Computer simulations of sub-wavelength aperture transmission
Finite Element Method and Finite Difference Time Domain simulations of optical radi-
ation transmission through sub-wavelength apertures were carried out. The following
software packages were used in the simulations: COMSOL (Finite Element Method, RF-
module) and Lumerical (Finite Difference Time Domain). The goal of the simulations
was to verify to what degree the FEM/FDTD data agree with the Bethe theory. Also,
various screen thicknesses were simulated to see what impact the screen thickness –
effectively the depth of the metal waveguide – has on the transmission.
In the simulations the output power in the near- and far-ﬁeld of a sub-wavelength
aperture is normalized to the radiation source power8 to calculate the aperture power
transmission. In both cases, for COMSOL as well as for Lumerical, the aperture inside
wall material was set as Perfect Electric Conductor (PEC). The simulation carried out in
COMSOL had the aperture screen faces conﬁgured as Perfectly Matched Layer (perfectly
absorbing material), whereas the simulation in Lumerical had the screen’s surfaces set
7An interesting remark was put forward by Abajo regarding improving the light transmission through an
aperture, [157]. The author suggested that if the aperture was ﬁlled with high refractive index material,
more light could be refracted into the hole which subsequently would result in improved transmission.
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as PEC. This was the only difference between the two simulations.
The results of COMSOL and Lumerical simulations for φ = 20µm and φ = 50µm aper-
tures with th = 12µm screen thickness (which gives th
a = 1.2 and th
a = 0.48, respectively)
are shown in graph 3.8.
Figure 3.8. – Lumerical/COMSOL vs. Bethe - power transmission in comparison to nor-
malized Bethe. The proportions of screen thickness to radiuses are th
a = 1.2
and th
a = 0.48, for φ = 20µm and φ = 50µm, respectively.
In contrast to the much simpliﬁed Bethe theory, the simulations remain consistent
with the expected transmission behaviour for a
λ above 0.3, equaling T ≈ 1. As Bethe
theory losses validity for a
λ > 0.23, the simulations results remain valid over the meso-
scopic regime of a
λ tending to unity transmission (T = 1) as expected9. The simulated
unity transmission equals 1 for a
λ > 1. The latter is very logical and speaks in favor of the
validity of the simulations. For screen thickness of th = 12µm, both simulations break
down completely for a
λ < 0.1, due to the model meshing related limitations.
The results of COMSOL and Lumerical are in line with Bethe Theory (plotted: T =
τBethe) within the narrow range of a
λ of ≈ 0.16 to 0.23 (the upper limit of Bethe Theory
applicability). As seen in graph, the discrepancy between the Bethe calculated transmis-
sion and simulation results increases considerably with λ > a
0.16, while the COMSOL and
Lumerical results remain in almost perfect agreement. It is important to remember that
9Similar results were obtained by Garcia De Abajo in [157], who states that the transmission reaches a
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the simulations for non-zero screen thickness are compared here with theoretical calcu-
lations for negligible screen thickness. The results show that the power transmission is
strongly affected by the aperture screen thickness. Thus, an additional series of simula-
tions was carried out to investigate the impact a screen thickness has on the aperture
transmission properties.
The simulations were carried out in Lumerical and for the aperture diameter of
φ = 20µm. As seen in ﬁgure 3.9, the transmission decreases with an increasing screen
thickness. Unfortunately, inﬁnitely thin objects cannot be deﬁned in Lumerical. Also,
because of the model mesh settings (limited by the computing power), the simulation
breaks down for screen thicknesses thinner10 than th < 3µm. On the basis of the avail-
able results, it is legitimate to state, however, that the decrease in optical transmission is
related to larger attenuation of metal waveguide formed by the aperture in a perfectly
electrically conducting screen. This particular issue is discussed in section 3.1.9.
Figure 3.9. – Lumerical – 20µm aperture, power transmission simulated for various
screen thicknesses
Note that, as seen in graph 3.8, all of the simulations carried out using COMSOL, as
assessed for near-ﬁeld (quasi-near ﬁeld, in fact), reveal an enhanced optical transmis-
sion peak for a
λ ≈ 0.2. At the same time, the enhanced optical transmission is not seen
in the far-ﬁeld. The latter stays in perfect agreement with experimental results reported
10For screen thickness of th = 1µm the optical transmission exceeds T = 200% for
a
λ ≈ 0.35 and the
transmission values remain stable for
a
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by several research groups working on the subject of enhanced optical transmission in
sub-wavelength apertures. Additionally, even though that the enhanced optical transmis-
sion (T > 1 for the mesoscopic regime of a
λ ) is also seen in the transmission results
obtained using Lumerical, this effect is much less apparent than in the COMSOL results.
The magnitude of the enhanced optical transmission is also weaker and spread over a
broader a
λ range. Also, the enhanced optical transmission ﬂattens out further with the
increase in metal screen’s thickness. Therefore, the enhanced optical transmission seen
in some of the Lumerical simulations (for screens with th < 12µm) should be treated as
a spurious result, stemming possibly from inadequate model meshing.
The fundamental conclusion of this section is that the screen thickness impacts con-
siderably the sub-wavelength aperture power transmission. Even a small increase in th
can result in a large decrease in the power transmission — for a φ = 20µm aperture, for
a
λ of ≈ 0.23, an increase in th from th = 12µm to th = 15µm results in a ≈ 50% drop in
the transmitted optical power.
3.1.9 Waveguides operating near and below cutoff
Following what was learnt from the FEM/FDTD simulations, another aspect of aper-
ture transmission was researched to complete the picture of sub-wavelength aperture
transmission. This relates to cut-off, λc , condition for waveguides. In this section sub-
wavelength apertures are considered from the waveguide point of view. To the author’s
best knowledge, this approach is unique as no other research group attempted to analyze
sub-wavelength aperture transmission problem in this way.
A real aperture is characterized by a depth and therefore has waveguide properties,
[166]. The conﬁned space of a waveguide modiﬁes the dispersion relation of the EM
ﬁeld, making the transmission of light through a waveguide different from the prop-
agation in empty space, [166]. All waves which can exist in hollow pipe waveguides
are therefore characterized by a cutoff wavelength beyond which the traveling radiation
experiences signiﬁcant attenuation, λc , [173, 174]. For λ > λc modes are not able to
propagate energy over long distances (waveguide length; aperture depth) and are called
evanescent modes, [174]. In reality the actual cut-off occurs at wavelengths longer than
λc , when the ﬁnite conductivity is taken into account11. In [166], the authors also argue
11In [166] the authors argue that with real metallic apertures, however, the cutoff wavelength cannot be3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 100
that by utilizing complex waveguide geometries it is possible to control and, quoting,
“even eliminate”12 cut-off wavelengths even when the lateral dimensions of the waveg-
uide are much smaller than lambda.
Therefore, in addition to the fact that the power transmission through apertures de-
cays as of 1
λ4 in sub-wavelength regime, the transmission efﬁciency falls exponentially if
the real depth of the hole (length of the waveguide) is taken into account, [166]. This
section aims at investigating this issue. The transmission losses are estimated for a below
cut-off wavelength traveling through a circular waveguide of parameters comparable to
the sub-wavelength apertures in question.
A simpliﬁed formula for λc for a waveguide with circular cross section is λc =
2·π·φ
3.68 ,
where φ is the aperture diameter, [170].
The expression for attenuation below cut-off in an ideal guide (which walls are made
of perfect electric conductor) is covered by equation 3.5 as adopted from [173].
γ = α =
2 · π
λc
·
s
1 −

λc
λ
2
(3.5)
The value of attenuation derived with equation 3.5 is given in Nepers, [173]. As seen
from that equation, as λ increases above λc, α increases from a value of 0 to a constant
value of α = 2·π
λc . For λ > λc the attenuation has real (non-imaginary) values. Equation
3.5 is valid for any wavelength in any shape of a waveguide13. In this project, most of
the sub-wavelength apertures used in the measurements were smaller than half of the
illuminating wavelength. Thus, strong attenuation of the transmitted radiation can be
expected.
A very interesting piece of research concerning this subject is found in [175]. The
authors discuss the Bethe theory and present some relevant measurement data for visible
sharply deﬁned because one goes continuously from propagative to evanescent regimes as the wavelength
increases.
12“Eliminate”...? Put λc value well above the useable range of λ perhaps?
13Interestingly, as outlined in [173], the type of a waveguide and guide shape deﬁne λc , but do not
inﬂuence the attenuation constant as long as λ  λc . Also, it is obvious that for λ  λc, α is essentially
independent of frequency since the complete equation tends to ≈
2·π
λc . This is an important observation as
it shows that the attenuation ﬁgure is also independent of wavelength if the operating wavelength is much
above the cut-off wavelength. Therefore, such waveguides can often be used as waveguide attenuators,
[173]. As explained in [173]: has been found that below the cutoff frequency (or for λ > λc) there is an
attenuation only and no phase shift in an ideal guide. In addition, the amount of this attenuation is determined
only by the cut-off wavelength of the guide, so that the value of α can be set almost as large as needed by
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radiation. The tests were carried out for a φ ≈ 270nm aperture, formed in suspended
Silver ﬁlms of various thicknesses. Graph 3.10 presents the transmission characteristics
for various screen thicknesses.
Figure 3.10. – Transmission properties of a cylindrical hole of 270nm in diameter, milled
in optically thick, suspended Silver ﬁlm of various thicknesses. Graph
adopted after [175].
As proved by the authors – and seen in ﬁgure 3.10 – for a
λ < 0.23, the power trans-
mission is exponentially sensitive to the hole depth, which gives λc > 2·φ. It is conﬁrmed
that the latter occurs due to the fact that for that critical λc no propagation modes are
available for transmitting the light, except the evanescent modes, [166].
Equation 3.5 and relevant information given in [173], section 8.08 of the book, were
used to calculate the expected attenuation for sub-wavelength apertures used in this
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First, λc is calculated as a function of the aperture (waveguide) radius, a. The cal-
culations were carried out for TE01 and TE11 modes. The cut-off wavelength equals,
[173]:
(λc)TEnl =
2 · π · a
p0
nl
(3.6)
where:
a – waveguide (aperture) radius,
For TE01 and TE11, equation 3.6 reduces to:
(λc)TE01 = 1.64 · a (3.7)
(λc)TE11 = 3.41 · a (3.8)
The results of the calculations can be seen in graph 3.11.
Figure 3.11. – λc calculated for TE01 and TE11 modes of propagation, as a function of
aperture radius
This cut-off wavelength is translated into frequency cut-off, fc, and allows to plot
α = f (λ). The attenuation in dB , as shown in graph 3.12, was calculated for several
screen thicknesses (effective waveguide length).
The ﬁrst conclusion of the calculations concerns the waveguide cut-off wavelength
for sub-wavelength apertures. As seen in graph 3.11, λc comparable to λ ≈ 118µm –
which is the principle wavelength of radiation for the FIRL-100 laser used in this project3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 103
Figure 3.12. – Waveguide attenuation for λ above cutoff wavelength. Calculated for sev-
eral waveguide lengths (screen thicknesses)
– corresponds to the aperture radius of a ≈ 30µm. Any sub-wavelength aperture with a
radius smaller than a < 30µm will be characterized by λc  118µm, and will therefore
exhibit additional attenuation of the transmitted radiation.
Knowing the above, the expected aperture attenuation for λ = 118µm was plotted
as a function of aperture radius. Graph 3.11 presents the absolute attenuation values for
given screen thicknesses (waveguide lengths). As seen in the graph, for a
λ ≈ 0.1 sub-
wavelength apertures in screens as thin as th = 3µm can exhibit attenuation of ≈ 6dB,
calculated for λ = 118µm. Screen thicknesses of th = 12µm are characterized by the
attenuation reaching 20dB for a
λ ≈ 0.1. This is a particularly important observation since
all sub-wavelength metal apertures used in this project have screen thicknesses of at least
th = 12µm and up to th = 25µm for larger apertures. A complete list of sub-wavelength
apertures used in the experimental part of this project is given on page 125.
The attenuation values for sub-wavelength apertures calculated in this section can
now be compared with the FED/FDTD simulation results presented in the preceding sec-
tion. The simulated transmission values for screens of non-zero thicknesses differ from
the transmission calculated using Bethe theory. It was shown – graph 3.9 – that the sim-
ulated transmission values were strongly affected by the increase in screen thickness.
The latter can be explained by the waveguide attenuation, as proved in this section. As
seen in ﬁgure 3.11, for a
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tion of ' 20dB. This attenuation value corresponds almost perfectly with the difference
between the simulated and Bethe theory transmission values, as seen in graph 3.9 for
a th = 15µm thick aperture and a
λ ≈ 0.15. Very similar results can be obtained when
attenuation values are compared for different thicknesses and/or a
λ points.
The transmission of sub-wavelength apertures operating under cut-off conditions
is decreased due to the waveguide attenuation, α. For λ > λc, sub-wavelength aper-
tures with even relatively thin screens can exhibit considerable attenuation. As discussed
above, the conclusions of this section stay in perfect agreement with the FED/FDTD re-
sults obtained earlier. The discrepancy between Bethe theory and the simulation results
is attributed to the waveguide attenuation occurring for screens of non-zero thicknesses.
3.1.10 Enhanced optical transmission, Apertures of various shapes, Aper-
ture Arrays
This section discusses the issue of extraordinary optical transmission. According to the re-
ports published to date, EOT is observed for multiple sub-wavelength apertures arranged
into arrays.
It has been demonstrated, [166], that the total diffraction cross section for periodic
apertures milled in real metallic screens is much larger than the algebraic sum of all the
apertures’ diffraction cross sections. As explained in [168], for many researchers working
in the ﬁeld of sub-wavelength transmission: ...it came as a surprise the experimental
ﬁnding that the optical transmission through an array of sub-wavelength holes drilled in a
metallic ﬁlm could be orders of magnitude larger than what was expected for independent
holes. Various groups have observed EOT for sub-wavelength apertures arranged into
arrays. The earliest reports on this phenomenon date back to the 1950’s, [153]. The
initial EOT phenomena were observed for microwave radiation, [153].
Currently, the role of surface waves such as surface plasmons (SPP) is considered to
be the key factor behind the EOT phenomenon. SPP are essentially EM waves trapped at
a metallic surface through their interaction with the free electrons of the metal, [166].
According to [166], this combination of surface waves and sub-wavelength apertures
is what distinguishes the enhanced transmission phenomenon from the idealized Bethe
treatment and gives rise to EOT. Bethe theory does not address any propagating surface
modes or evanescent modes that can additionally be excited inside the hollow aperture.3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 105
Therefore, in accordance with the most recent ﬁndings, some authors worked on ex-
tending the Bethe’s theory to multiple array conﬁguration, [168]. As reported in [164],
Bethe’s approach was modiﬁed and the modiﬁed theory showed transmission exceed-
ing 100% at resonant wavelengths. Therefore, as explained in the paper, enhanced total
transmission for an array of holes is not contradictory to Bethe’s original work, [164].
In [167] an analytical expression for optical transmission for the entire matrix of sub-
wavelength apertures is presented.
A very interesting photo of a multiple sub-wavelength aperture array illuminated with
visible light was presented in [166]. If illuminated with broadband radiation a multiple
aperture array acts like a band-pass ﬁlter. A good example of that effect is shown in ﬁgure
3.13.
Figure 3.13. – Spectral ﬁltering of light passing through an array of sub-wavelength
apertures. Figure adopted after [166].
A ﬁgure showing the transmission spectrum of a sub-wavelength aperture array and
how the power transmission through multiple apertures is enhanced is shown in ﬁgure
3.14.
Some criticism of the SPP theory is given in [170]. The author of [170] disregards
the entire SPP theory, claiming that the observed increase in transmission is attributed
to nothing more than simply greater number of physical apertures present in a periodic
array. The author considers an imprecise method of calculating the actual power trans-
mission as the possible explanation of the apparent, enhanced optical transmission.
In [152], the authors report on the results of their numerical simulations showing
enhanced (resonant) transmission for a sub-wavelength aperture array with C-shaped
and H-shaped holes. Similar claims, with regard to single apertures only however, were3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 106
Figure 3.14. – Transmission spectrum of hole arrays, adopted after [166]
made much earlier by several other research groups among them Stanford University
Researchers, [120]. In the paper, the results of FEM calculations were presented of
uniquely shaped sub-wavelength apertures. The authors state that the power throughput
can be signiﬁcantly increased by utilizing a “C” shaped aperture, as shown in picture
3.15(a).
3.15.(a) “C” shaped aperture
3.15.(b) “C” shaped resonance, adopted from [120]
Figure 3.15. – “C” shaped aperture
The principle of operation of the C-shaped aperture relies on the fact that the power
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sion that is perpendicular to the incident-light polarization direction, [164, 120]. The in-
cident light which is polarized perpendicular to the dimension “a” couples much better to
the cutoff mode of the waveguide formed by the extended “b” arm. Therefore the trans-
mission throughput for the C-shaped aperture is much higher. As b increases, the cutoff
wavelength of the C-shaped aperture becomes closer to the incident-light wavelength.
Thus, the transmission throughput14 of the aperture increases rapidly with b, [120]. A
C-shaped aperture of a given screen thickness can be recognized as a waveguide, char-
acterized by an “unexpected and surprising” resonance occurring for the TE10 mode as
seen in ﬁgure 3.15(b). The results show that the resonance occurs for the arm length
of roughly b = 200nm. The power transmission is expected to be greater by “≈ 100.000
times compared with a square or round hole”. Also, spatial resolution of λ
4 can be achieved
in the near ﬁeld, [120].
In their paper, the Stanford researchers refer solely to numerical simulations of C-
and H- shaped structures. To the author’s knowledge, to date no experimental data has
been presented to back any of the claims made in the paper [164]. Thus, as of today,
those ﬁndings remain highly questionable. C- and H- shaped apertures are not proven to
represent useful THz near-ﬁeld imaging techniques.
Aside from multiple aperture arrays and C-/H-shaped apertures, another structure
that is thought to give rise to increase in optical transmission through sub-wavelength
apertures is a micro-structure formed by machining periodic corrugations surrounding a
single sub-wavelength aperture. In contrast to C- and H-shaped apertures, this structure
is better grounded in available experimental data. According to, [176, 117], in case of
period corrugations surrounding an aperture, higher power transmission is realized by
virtue of surface plasmons. This is done because the energy of propagating light can
be coupled to surface plasmons. The periodic structure is to satisfy the conservation of
energy and momentum, [176, 117]. Paper [166] describes single apertures surrounded
by periodic, concentric, circular rings (corrugations) that give rise to enhancement and
also result in limited beam “steering” (changing direction of the beam as explained in
the paper). Focusing is possible if the output aperture is also corrugated. Such structures
are sometimes referred to as “bull-eye” structures, and can have a focal plane like a lens,
[166]. If the grooves are fabricated with different periods on either side of the aperture,
14 According to the authors of [164], small perturbations to the aperture will lead to large resonant
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the direction of the output beam is independent of the input beam, [166]. A conceptual
drawing of a “bull-eye” structure used for beam steering is shown in ﬁgure 3.16.
Figure 3.16. – Beam steering with a “Bull-eye” aperture.
In [117], the authors prove that this technique can be used to achieve greater trans-
mission whilst maintaining high spatial resolution. Their results are very encouraging.
For a 100µm aperture the researchers have observed the increase in the optical trans-
mission of up to 20-times in comparison to a standard aperture of the same size. The
results are seen in ﬁgure 3.17. The photodetector was at a distance of 15µm from the
aperture. The results of the measurements clearly show the increase in the optical power
transmitted through the aperture in the near ﬁeld.
Figure 3.17. – Surface plasmon enhanced transmission, adopted from [117]
A separate, simple test was carried out by the researchers to estimate the spatial
resolution of the bull’s eye structure. This consisted in scanning a metal ﬁlm edge across
the bull’s eye aperture. The quantitative results of the test are presented in ﬁgure 3.18.
The resolution is seen to be dependent on the polarization of the impinging radiation
as seen from the graphs - this effect, however, is not related to the bull’s eye structure3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 109
Figure 3.18. – Improvement in resolution, adopted from [117], where a) - slit parallel
to the polarization of light; b) slight perpendicular to the polarization of
light
itself. For λ = 205µm, the aperture diameter of φ = 100µm and aperture-detector dis-
tance of z = 15µm the researchers have reported the improvement in resolution of λ/4.
The improvement in resolution is shown in ﬁgure 3.19.
Figure 3.19. – THz Near-Field imaging with the beam-light technology, where: b) no-
improvement; c) near-ﬁeld imaging; adopted from [117]
C. Genet et Al. conclude in [166] that “bull’s-eye” periodic structures will be excellent
for infrared imaging, especially if the screen was made of highly conductive materials,
for example: Nickel or Copper. The highest diffraction cross section for λ of visible light
would be achieved for apertures milled in Silver, [166].3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 110
It is beyond the scope of this thesis to examine the potential usefulness of the pre-
sented techniques for the operation of the THz modulator. This project aims at proving
the THz modulator’s concept of operation, and not at improving its overall optoelectronic
performance.
Even though one should remain very cautious with regard to all of the aforemen-
tioned ﬁndings, future modulator designs can beneﬁt from some of the described con-
cepts. The most promising among them is the “bull’s-eye” structure. On the basis of the
presented experimental data, it is obvious that “bull’s-eye” structures could become ex-
tremely useful for improving a single pixel resolution and aperture transmission. The
latter is achieved by virtue of the enhanced optical transmission. Concerning the modu-
lator structure, however, it should be remember that any “bull-eye” structures could only
be fabricated on one side of the resolution-deﬁning (sub-wavelength aperture) screen of
the THz modulator. Thus, beam “steering” (changing direction of the beam) capability
cannot be regarded as an option for the future modulator designs.3.1. SUB-WAVELENGTH APERTURE TRANSMISSION PHYSICS – REVIEW 111
3.1.11 Summary and Discussion
The physics of sub-wavelength aperture transmission was thoroughly discussed in the
preceding subsections to ﬁnd a valid, functioning theory for sub-wavelength aperture
transmission.
The Bethe theory was selected as the most suitable and will be compared with the
experimental measurements presented in section 3.3. It is conﬁrmed that Bethe normal-
ized diffraction cross section coefﬁcient, T = τBethe, was derived for the optical power
transmission calculations, and therefore will be used accordingly for transmission cal-
culations. It was proven in section 3.1.4 that Bethe theory is not valid, and therefore
cannot be used, for a
λ > 0.23. This is evident from ﬁgure 3.2 on page 88. The reason for
choosing Bethe theory can be understood upon examining graph 3.4 on page 93. In that
graph, Bethe Theory is compared with Bethe-Bouwkamp and Uniform Field Models, and
it is evident that Bethe remains valid up to a
λ > 0.23, while the remaining two models
lose their validity for lower a
λ . The same was observed by Garcia De Abajo in [157]. As
discussed in section 3.1.9, some claims have been made that when compared with the
experimental data acquired for apertures in non-perfect metallic screens, Bethe theory
apparently loses validity for a
λ < 0.0625, [170]. If conﬁrmed, this would restrict the range
of Bethe theory applicability to 0.0625 > a
λ < 0.23. It was impossible to verify this claim
experimentally15 during this PhD project and no other literature evidence supporting it
was found. The “bottom-end” limiting case of a
λ > 0.0625 does not constitute a poten-
tial problem from the point of view of this project. This is because the smallest aperture
used in the practical tests was φ = 2 · a = 15µm (a = 7.5µm) in diameter, which equals
a
λ = 0.0636 for λ ≈ 118µm. If this limitation is correct, however, this additional Bethe
theory deﬁciency can complicate the design of future modulators.
In view of the fact that Bethe theory was derived assuming inﬁnitely thin metal
screen, FEM/FDTD simulations of the sub-wavelength aperture transmission were car-
ried out for apertures with non-zero screen thicknesses. The simulations aimed at in-
vestigating the impact of the screen thickness on transmission values. The results pre-
sented in section 3.1.8 clearly indicate that any increase in screen thickness results in a
decrease of the transmission. When compared to the idealized Bethe Theory, transmis-
sion through sub-wavelength apertures is signiﬁcantly decreased even for relatively thin
15In fact no transmission was experimentally observed for
a
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screens (th = 3µm for an aperture of φ = 20µm), as demonstrated in ﬁgure 3.9 on page
98. Graph 3.9 can be compared with a very similar plot 3.7 on page 96, obtained by
Garcia De Abajo, [157]. The results presented in both these plots are in perfect agree-
ment, and thus further conﬁrm that the optical transmission through a sub-wavelength
aperture is strongly dependent on the aperture’s screen thickness.
As shown in section 3.1.9, for λ ≈ 118µm any physical aperture with a radius smaller
than a < 30µm can be regarded as a waveguide operating under cut-off conditions ex-
hibiting the attenuation, α, dependent on its length (screen thickness, th). Graph 3.11 on
page 102 presents α = f
 a
λ

dependency for micrometer screens – it is obvious from the
graph, that any radiation transmitted through sub-wavelength apertures operating under
cut-off conditions will experience considerable waveguide attenuation16. The results of α
calculations were quantitatively compared with the sub-wavelength aperture FDTD/FEM
transmission simulations for apertures in screens of non-zero thicknesses. It was shown
that the amount of attenuation introduced by a particular waveguide (for a given th
and a
λ ) corresponds perfectly to the difference between the simulation results and the
transmission calculated on the basis of idealized Bethe theory. Following that conclusion,
waveguide attenuation values will be calculated for every real sub-wavelength aperture
used in the experimental tests.
16For apertures used in the experimental measurements of sub-wavelength transmission tests, aperture
radius to thickness proportion is in fact very high (in the order of
a
th ≈ 0.6 − 0.8). Garcia de Abajo et Al.
in [157] indirectly proved that transmission through sub-wavelength apertures is signiﬁcantly affected for
waveguides/apertures of that
a
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3.2 Transmission measurements – Introduction
This and the following sections present the results of optical transmission measurements
through sub-wavelength apertures. The measurements were carried out for THz radia-
tion of several wavelengths. A THz optical setup was built to carry out the transmission
measurements for several commercially available pin-hole apertures of varying diame-
ters. The THz optical test setup and the remaining tools used in the experimental part of
the transmission measurements are described in section 3.3.
In the summary of this chapter, the results of the sub-wavelength aperture trans-
mission measurements are compared to the Bethe theory calculations. Additionally, the
sub-wavelength aperture tests for THz radiation were done to examine the possibility of
carrying out proper transmission/modulation tests using THz modulators. With regard to
the latter, it is essential to see what amount of optical power can be transmitted through
sub-wavelength metal apertures of sizes corresponding to the diameters of the THz mod-
ulator pixels. Once it is conﬁrmed that sufﬁcient optical power is transmitted through
metallic pin-hole apertures, the apertures will be replaced with THz modulators. With
enough optical power passing through the modulator pixels, the devices can ﬁnally be
tested and characterized for the THz radiation regime.
For every metallic aperture used in the tests, the sub-wavelength power transmission
factor, T, is calculated by dividing the output (transmitted) power, POut, by the fraction
of optical power, PIn, falling onto the aperture’s physical opening (input power, power
“entering” the aperture guide of a given thickness th). Drawing 3.20 shows several factors
inﬂuencing the measurement. The calculations of uncertainty of T measurements are
presented in section 3.4.
In order to calculate POut and PIn, and subsequently T, values of several contributing
factors need to be measured. As seen in ﬁgure 3.20, in a real experiment, a THz laser
beam is focused onto a metallic aperture, with the aperture positioned in the focal plane
of the focusing lens or parabolic mirror17. Knowing that the lateral intensity distribution
of the laser output beam has a gaussian proﬁle, it is known that the lateral intensity
distribution of the focused laser spot remains gaussian, [177]. The power density for the
17In our optical setup, the focusing element was an off-axis parabolic mirror.3.2. TRANSMISSION MEASUREMENTS – INTRODUCTION 114
Figure 3.20. – Sub-wavelength aperture transmission – concept of measurement pre-
senting several factors inﬂuencing the measurement.
focused laser spot, PSpot, in

W/m2
, is given as:
PSpot =
PLaser
Aφ
(3.9)
where:
PLaser – Laser output power, [W];
Aφ – 1
e2 focused laser spot area,

m2
;
The radius of the focused laser spot is the distance from the point of maximum power
(spot centre) to the point where the intensity decays to 1
e2 of its maximum value. The
value of the actual spot sizes were measured in the experiment by scanning the focused
beam proﬁle with a 100µm vertical slit. The slit was positioned in the focal plane of the
beam focusing element and swept along the beam proﬁle using a programmable movable
stage, with a scanning step of 5µm. The scanning was done in two directions – vertically
and horizontally – in order to assess the spot-size’s 2D proﬁle. It was discovered that the
focused spot was oval in its cross-section. Thus, in the actual T calculations, the area of
the laser spot was calculated as A = π · a · b, where a and b were measured dimensions
for every λ. ABCD matrix calculations of the optical setup were carried out to estimate
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Next, the aperture input power, PIn, is obtained as a fraction of the optical power
distributed over the aperture’s physical opening, A = π · a2
Aperture. PIn is therefore equal
to:
PIn = PSpot · A (3.10)
PIn =
PLaser
Aφ
· A (3.11)
As discussed later, the transmitted wavelength experiences very strong diffraction
resulting in the transmitted optical power being emitted in a wide angle. The trans-
mitted power, POut, is collected and focused onto a photodetector. The sub-wavelength
aperture-to-QMC photodetector power coupling efﬁciency, η, was estimated for all a
λ
cases. Knowing the photodetector’s voltage spectral response, RV λ, the photodetector’s
output voltage signal can be converted with good accuracy into the corresponding, re-
ceived POut.
The scheme of the sub-wavelength aperture transmission experiment is as follows:
1. – Laser power PLaser in [W] is measured;
2. – Focused spot size in

m2
is measured using a scanning slit test;
3. – Power density for the focused laser spot point, PSpot in

W/m2
, is calculated;
4. – Aperture input power, PIn in [W], is calculated for the given aperture area;
5. – Aperture-photodetector power coupling coefﬁcient η is estimated;
6. – Power transmitted through the aperture, POut in [W], is received by the photode-
tector;
7. – The photodetector’s output voltage, VOut in [V ], is converted into POut, [W],;
8. – power transmission, T, is calculated taking coupling coefﬁcient, η, into account;
9. – measurement uncertainty of T is assessed for every measurement;
The above scheme is repeated if an aperture or wavelength is changed in the measure-
ment, as any of those alters a
λ proportion. The consecutive points of the above list will
be addressed in the following subsections.3.2. TRANSMISSION MEASUREMENTS – INTRODUCTION 116
Parameter Value
System Optical Responsivity 3.1 kV
W
System rms output noise at 1kHz 10.6 nV √
Hz
System optical NEP at 1kHz 3.4
pW √
Hz
System rms output noise at 10kHz 3.9 nV √
Hz
System optical NEP at 10kHz 1.3
pW √
Hz
Table 3.1. – QMC system test results
3.2.1 QMC photodetector spectral response calculations
Table 3.2.1 gives QMC system calibration/test results, as provided by the device manual,
[46]. The parameters refer to the QMC λ = 118µm magnetically enhanced version of the
device and are provided for the complete system (photodetector + ULN95 preampliﬁer
with the ampliﬁer gain of 100x). Figures N.1 and N.2 given in appendix N present the
photodetector’s voltage spectral responsivity and noise characteristics of the complete
photodetector system.
The system optical responsivity has its peak value of RV = 3.1kV
W for ν ≈ 84.75cm−1
(λ ≈ 118µm). As seen in ﬁgure N.1 given in appendix N, the spectral responsivity is
magnetically enhanced, reaching maximum for λ ≈ 118µm. Voltage response, RV , and
noise equivalent power, (NEP), of a photodetector are given as, [178]:
NEP =
Vn
RV
(3.12)
RV =
Vs
PReceived
(3.13)
where:
PReceived - optical power received by the photodetector, given in [W];
Vs - detector output voltage signal;
From the above the received power is calculated:
PReceived =
Vs
RV
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Figure 3.21 presents the QMC output voltage signal as a function of the optical power
received by the photodetector. Voltage response for various wavelengths RV λ were read
of the photodetector’s spectral response characteristic presented in ﬁgure N.1. According
to QMC ltd, the QMC photodetector preampliﬁer (ULN95) saturates for an output voltage
exceeding A = 5V .
Figure 3.21. – QMC output signal = f(incident power), ULN95 gain of 100x
3.2.2 Estimation of the focused spot point size
In this section the results of the calculations carried out to estimate the size of the focused
THz spot point are presented.
The spot size of the focused THz beam is calculated using ABCD ray matrix ap-
proach, [179, 177]. The focused spot point is taken to be the waist diameter 2 · ω02 of a
gaussian beam at the target aperture. The test setup is shown in ﬁgure 3.22. We consider
the following:
– ω01 and ω02 express the laser beam radius at the laser output aperture and
1
e2 spot point radius, respectively. The value of ω01 is known from the laser3.2. TRANSMISSION MEASUREMENTS – INTRODUCTION 118
speciﬁcation datasheet;
– Off-Axis Parabolic Mirror (OAP) will be treated as a thin converging lens in the
calculations;
Figure 3.22. – Key component of the test setup taken into consideration when calculat-
ing the ray matrix, where: d1 = 410mm; d2 = 460mm; d3 +d4 = 950mm;
EFL = 152.4mm; ω01 = 6.5mm.
For the ray matrix analysis, the optical setup shown in ﬁgure 3.22 can be simpliﬁed
into an optical system shown in ﬁgure 3.23.
Figure 3.23. – Optical system expanded.3.2. TRANSMISSION MEASUREMENTS – INTRODUCTION 119
The following matrices will be used:
Drift =



1 Z
0 1


 (3.15)
OAP =



1 0
− 1
EFL 1


 (3.16)
EFL =



1 EFL
0 1


 (3.17)
In practice, the position of the focus of the off-axis parabolic mirror does not equal
the effective focal length EFL. The latter would be true if the laser beam directed on
the parabolic mirror was perfectly parallel. As the beam leaves the laser and travels over
the optical path equal p = n1 · Z (where n1 = 1), it spreads into a narrow angle. The
divergent beam of radiation will be focused by the off-axis parabolic lens at the focal
length given by relation 1
EFL = 1
x + 1
Z, where x is now the actual focus. In other words,
the absolute change in the off-axis parabolic mirror’s focus is | EFL − x |. Therefore,
x = Z·EFL
Z−EFL is used in the calculations as the actual focus for the off-axis parabolic
mirror.
The overall ray matrix for the test setup shown in ﬁgure 3.23 equals:
ABCD =



A B
C D


 = EFL · OAP · Drift (3.18)
As an example, a spot size for a laser beam focused in the setup will be calculated for
λ = 118µm and EFL = 152.4mm. For λ = 118µm, the calculated ABCD matrix is:
ABCD =



0.0 0.166
−6.011 −9.917


 (3.19)
Knowing that, [179]:
q2 =
A · q1 + B
C · q1 + D
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and that:
q1,2 =
i · π · ω2
01,02
λ
(3.21)
We know that:
ω02 = ω01 ·
v u
u t (A · D − B · C)
C2 ·
π2·ω4
01
λ2 + D2
(3.22)
and that:
ω02 = 0.564mm (3.23)
The diameter of the spot point focused at the aperture plane is φ1 = 2 · ω02 ≈ 1.13mm.
The value of the spot-size calculated in this section was not used for transmission T
calculations. Instead, the experimentally measured values were used for the transmission
calculations. As showed in section 3.3.2, experimental measurements showed that the
real size of the focused laser point differed considerably from the calculated spot size.
This issue will be addressed in the summary of the experimental measurements; section
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3.2.3 Rayleigh Range estimation
The Rayleigh range for the current optical setup was also calculated. The Rayleigh range
is deﬁned as the distance zr0 along the propagation direction of a beam between the
beam waist and the point where the area of the beam cross section doubles. This is
shown in ﬁgure 3.24.
Figure 3.24. – The Rayleigh range and beam area expansion due to the Gaussian beam
divergence.
The signiﬁcance of the Rayleigh range in sub-wavelength aperture transmission tests
can be understood from ﬁgure 3.25. For large Rayleigh ranges, the precise positioning of
the optical aperture along the Z axis is no longer critical. Thus, the Rayleigh Range can
be understood as the “safety” margin for the aperture positioning along the Z axis.
Figure 3.25. – sub-wavelength aperture tests3.2. TRANSMISSION MEASUREMENTS – INTRODUCTION 122
The Rayleigh range is:
zr0 =
π · ω2
0
λ
(3.24)
where: ω02 = 0.564mm – beam waist at the focal length of the OAP mirror.
Therefore, the Rayleigh range in the optical setup is: z0 ≈ 8.5mm, for λ = 118µm.
The beam area expands two times (z zr
2 =
√
ω0) at a distance of zr ≈ 8.5mm from the
beam waist. For λ ≈ 118µm, zr is sufﬁciently long to guarantee that the issue of sub-
wavelength aperture positioning along the Z axis is insigniﬁcant in comparison to the
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3.3 Sub-wavelength apertures – Measurements
This section describes the power transmission measurements through sub-wavelength
apertures for THz radiation regime. A brief description of the laboratory instrumentation
used in the experiment is provided below.
3.3.1 The THz setup
The optical test bench used for the THz sub-wavelength aperture transmission tests is
shown in ﬁgure 3.26.
Figure 3.26. – THz optical setup used for the tests – single OAP setup
As seen in ﬁgure 3.26, in the setup, a right angle off-axis parabolic mirror was used for
focusing the THz beam onto a target sub-wavelength aperture. The apertures, mounted
on a high precision, programmable X-Y-Z translation stage, were positioned in the fo-
cal plane of the off-axis parabolic mirror. Over the course of the experiment, two off-
axis parabolic mirrors were used in the setup: initially EFL1 = 152.4mm and later
EFL2 = 76.2mm. Both mirrors have the collecting diameter equal 76.2mm. An off-axis
parabolic mirror with a shorter effective focal length was introduced to reduce the F-
number of the focusing optics. With shorter EFL2, tighter laser focusing was made pos-
sible allowing for greater power densities, and therefore, greater power throughput for
smaller apertures. The latter was particularly important for any sub-wavelength trans-3.3. SUB-WAVELENGTH APERTURES – MEASUREMENTS 124
mission measurements in which a
λ < 0.10.
In the optical setup presented in ﬁgure 3.26, the QMC photodetector is placed in
the close proximity of the aperture – no additional optics18 were used to collect the
transmitted, diffracted radiation. In that arrangement, the QMC’s integral Winston cone,
with an acceptance angle of ±14o and input aperture of 25mm, collected and coupled
the diffracted radiation to the photodetector. Tests have shown that the best power cou-
pling efﬁciency between the aperture and the photodetector was achieved with the latter
placed directly against the target aperture.
The apertures were scanned relative to the position of the spot point using a mo-
torized translation stage. The laser output power was monitored using the laser’s py-
rodetector (labeled as Pyro1 in ﬁgure 3.26; the detector forms part of the laser’s ALS-1
stabilization setup). The photodetector, as well as the QMC, output were connected to
phase sensitive detectors. The output DC signals for both PSDs were acquired using a
DAQ.
A dedicated software application, “FIR-scan”, for automated stage scanning and data
acquisition was written in ANSI − C to speed up the alignment. A screenshot of the
graphical user interface of “FIR-scan” is shown in appendix M.
The wavelength of laser emission was measured with a home-built Fabry-Pérot in-
terferometer.
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Diameter φ = 2 · a Screen Thickness Screen material Manufacturer
15µm 12µm Aluminium Melles-Griot
20µm 13µm Stainless Steel Edmund Optics
25µm 13µm Stainless Steel Edmund Optics
35µm 25µm Stainless Steel Edmund Optics
50µm 25µm Stainless Steel Edmund Optics
100µm 25µm Stainless Steel Edmund Optics
Table 3.2. – Pin-hole apertures used in the tests
The above table gives a list of the precision pin-holes that were purchased for the
THz sub-wavelength aperture transmission experiment.
3.3.2 Sub-wavelength aperture transmission measurements
The following table lists the focused spot sizes (measured 1/e2 and calculated) and aver-
age laser powers PLaser recorded for various λ. A considerable discrepancy between the
measured and calculated spot sizes was observed. Additionally, as presented in appendix
K, the proﬁles of the actual spot sizes were found to be highly distorted.
Two series of aperture transmission tests were carried out involving two off-axis
parabolic focusing mirrors with different effective focal lengths: EFL1 = 152.4mm (ﬁrst
series) and EFL2 = 76.2mm (second series).
OAP-EFL λ φMeas. for X/Y φABCD PLaser
152.4mm 96.5µm 1.27mm/4.22mm 1.01mm 20 − 23mW
152.4mm 118µm 1.56mm/5.81mm 1.13mm 80 − 90mW
152.4mm 184µm 2.8mm/9.3mm 1.28mm 7.5 − 8.5mW
76.2mm 118µm 1.2mm/3.99mm 0.56mm 50 − 60mW
Table 3.3. – Test parameters for the optical bench setup. Series one for EFL1 =
152.4mm and series two for EFL2 = 76.2mm; See section 3.4 on page
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Figure 3.27. – Sub-wavelength aperture transmission measurements for THz regime –
Series 1 for EFL = 152.4mm, and Series 2 for EFL = 76.2mm. The
color code for the graph legends is as follows: Black fonts – EFL =
152.4mm with λ = 96µm; Blue fonts – EFL = 152.4mm with λ =
118µm; Purple fonts – EFL = 152.4mm with λ = 184µm; Green fonts
– EFL = 76.2mm with λ = 118µm;3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 127
3.4 Summary and the discussion of the results
3.4.1 Distortion of the focused spot size
The slit scan measurements carried out in the setup revealed that the intensity proﬁle of
the focused laser spot was not gaussian - this is clearly seen in graphs in appendix K. The
focused laser spots are not only characteristically distorted in horizontal plane (X; normal
to the optical bench), but also considerably larger than the spot size calculated in section
3.2.2 for the current setup and for λ = 118µm. An experiment was carried out to see if
the distortion in the intensity proﬁle can be attributed to a misalignment of the off-axis
parabolic mirror or its improper positioning with regard to the plane parallel laser beam.
As shown in graph K.4 on page 336, even a considerably large misalignment (≈ 1.5mm)
in the focusing mirror’s position does not change the intensity proﬁle distortion. More
importantly, it was conﬁrmed using liquid crystal thermal paper that the laser beam
reaching the off-axis parabolic mirror plane is asymmetrically distorted in its horizontal
axis. Considering the fact that there are only two plane mirrors used in the setup to
guide the beam, it is therefore probable that the distortion seen in the intensity proﬁle
of the focused laser spot results from poor beam quality of the FIRL-100 . It should be
stressed that over the course of this project the laser was fully operational during only
few instances, constantly requiring service and occasional CO2 cavity realignment.
3.4.2 Uncertainty of measurements of aperture power transmission
An important part of the sub-wavelength aperture transmission tests is the comparison
of the measured transmission values with Bethe Theory and FEM/FDTD simulation re-
sults. Very low levels of power transmitted through sub-wavelength apertures, inaccurate
method for laser power measurement, laser power ﬂuctuations, are all signiﬁcant system-
atic uncertainties affecting the overall measurement accuracy. Therefore, the estimates
of the transmission measurement uncertainty are of particularly high relevance in this
experiment.
Systematic errors, such for instance power measurements and detector spectral cali-
bration, are of prime importance in this experiment and dominate the ﬁnal uncertainty.
Other sources of uncertainties – out of calibration speciﬁcation or random errors – are of
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Calculations of systematic uncertainty
In a general case the output value, O, of a given measurement system depends on its
input, I, via relation O = K · I, where K is the system’s sensitivity, [180]. For a linear
measurement system, the output can also depend on other factors, such as for example:
a modifying input, IM, which causes the sensitivity of the system to change, and an inter-
fering input, II, which alters the output value without changing the system’s sensitivity. It
can be shown, [180], that the systematic measurement uncertainty of a complete system
equals is:
∆O =
 


∂O
∂I
 

 · ∆I +
 


∂O
∂IM
 

 · ∆IM +
 


∂O
∂II
 

 · ∆II (3.25)
where: ∆I, ∆IM, ∆II – I, IM and II measurement uncertainties;
Additionally, Bentley in [180] explains that when considering a complex measure-
ment system consisting of various functional blocks, equation 3.25 can be applied sep-
arately to each of the blocks – starting from the signal input converter and ending at
the data display module. A measurement uncertainty for a particular block is derived by
taking into account the output uncertainty of the preceding functional block. In this way,
the uncertainties are propagated through the system contributing to the system output’s
uncertainty. The method described in [180] can be applied to simplify the uncertainty
calculations. This scheme of calculations will be used to obtain ∆T – the systematic error
for sub-wavelength aperture transmission measurements.3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 129
Systematic uncertainty for T
As outlined at the beginning of section 3.2, T is calculated as:
T =
POut
PIn
(3.26)
where:
POut – Power transmitted through a sub-wavelength aperture, [W];
PIn – Aperture input power, [W];
In reality, the optical power received by the QMC photodetector, PReceived, does not
equal POut and the relation between the two parameters depends on the aperture-detector
power coupling coefﬁcient, η. The aperture-detector power coupling is very important
and will be discussed separately later in this section. It is enough to state that the actual
power received by the photodetector, PReceived, is lower than POut, resulting in underval-
ued T. Thus, equation 3.26 will for now have the following form:
T =
PReceived
PIn
=

Vs
RV


PLaser
φ · AAperture
 (3.27)
The measurement uncertainty for T is therefore:
∆T =
 


∂T
∂PReceived
 

 · ∆PReceived +
 


∂T
∂PIn
 

 · ∆PIn (3.28)
Equation 3.27 shows that the measurement system built for the sub-wavelength aperture
tests performs two independent measurements of: aperture input power, PIn, and aper-
ture transmitted power, PReceived. Thus, equation 3.28 is valid and ∆T can be calculated
if ∆PReceived and ∆PIn are known.3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 130
With regard to the latter, the uncertainties inﬂuencing ∆PReceived and ∆PIn that can
be identiﬁed in the measurement setup are listed in the table below.
Source of uncertainty Relation / Symbol Description
QMC voltage response ∆PReceived ⇐ ∆RV
Uncertainty of measurement of the
QMC photodetector; ∆RV equals
20% of the peak sensitivity, inde-
pendent of λ ; Data provided by
QMC Ltd.
Laser Power ∆PIn ⇐ ∆PLaser
Uncertainty of measurement of the
output laser power; independent
of λ
Focused spot size ∆PIn ⇐ ∆φ
Uncertainty of measurement of the
focused laser spot diameter; Since
the cross section of the laser spot
was discovered to be oval, the un-
certainty analysis will account for
that by partial derivatives sepa-
rately for a and b, where A = π·a·
b; independent of λ
Laser spot power density ∆PIn ⇐ ∆PIn-dist (λ)
Distortion of the intensity proﬁle
of the laser spot; Parameter re-
lated to PLaser; λ dependent
Input power ﬂuctuation ∆PIn ⇐ ∆PIn-ﬂuc (λ)
Input power ﬂuctuations; Tempo-
ral ﬂuctuations of power across
the aperture area; Parameter re-
lated to PLaser; λ dependent
Table 3.4. – ∆PReceived and ∆PIn measurement uncertainties
Additional source of systematic uncertainty can be related to the FIRL-100 laser
stabilization system which is used for measuring PIn. The spectral response of the pyro-
electric photodetector used in the stabilization loop is not known, but may play may be
signiﬁcant when measuring PIn for wavelengths other than λ , 118µm.3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 131
On the basis of the above, ∆PReceived is:
∆PReceived =


 
∂PReceived
∂RV


  · ∆RV (3.29)
while ∆PIn equals:
∆PIn =
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 · ∆PIn-ﬂuc (λ) (3.30)
Photodetector-aperture power coupling issue
Before estimating these uncertainties and calculating ∆T, the issue of the power cou-
pling between the target aperture and photodetector will be discussed here. The power
coupling coefﬁcient, η, is not treated as a systematic uncertainty, but is considered to
be an additional factor affecting T via PReceived = f (POut) relation. That relation be-
tween the optical power transmitted through the aperture, and the optical power re-
ceived/collected by the photodetector can be expressed as follows:
POut = PReceived · (1 + (1 − η)) (3.31)
where η = 1 would stand for an ideal power coupling between the aperture and photode-
tector. This would be equivalent to a case when all the optical power transmitted through
a target aperture is entirely collected by the photodetector, resulting in POut = PReceived.
Thus, η is introduced into T calculations to estimate the maximum possible increase
in the transmission values for a non-perfect aperture-detector coupling. The value of η
cannot be measured, and thus will be estimated with the help of computer simulations.
Therefore, error analysis involving the η measurement uncertainty calculations is mean-
ingless – this parameter expresses the uncertainty of power coupling.
The value of the power coupling coefﬁcient for the measurement system will be es-
timated using FDTD simulations and basic geometrical calculations. Drawing 3.28 was
prepared to ease understanding of η calculations.
In the drawing the photodetector’s cross section is presented with the photodetector
element situated at the focusing end of a Winston cone of a 25mm input diameter and3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 132
Figure 3.28. – Power coupling between the aperture and QMC photodetector. Drawing
was prepared to ease understanding of η calculations.
F = 0.5. Two longwave infrared pass ﬁlters (“cold ﬁlters”) and the detector’s input
window are positioned at a distance of 10mm and 30mm respectively from the cone’s
aperture. The QMC photodetector speciﬁcation provided in [46] refers to system optical
RV and system optical NEP, accommodating for the absorption and reﬂection losses
introduced by the QMC’s optical components. Therefore the latter are not considered as
sources of systematic uncertainties. The cone has an acceptance angle19 of ±14◦. In the
actual measurement setup, the aperture was situated at a distance of less than 15mm
from the input QMC window.
Calculations show that for z < 15mm, and with the length of the optical path inside of
the QMC photodetector equal 30mm, the maximum angle, κ, under which the diffracted
radiation ﬁeld can enter the Winston cone exceeds its acceptance angle of ±14◦. For
κ > ±14◦ the radiation will not be focused on the detector element. As seen in ﬁgure
3.28 the radiation transmitted through the target aperture diffracts leaving the opening
at an angle γ. The value of γ, since it relates to diffraction, is strongly dependent on the a
λ
ratio. Computer simulations implemented in Lumerical were used to estimate γ = f
 a
λ

by examining the distribution of intensity for diffracted radiation transmitted through
apertures of various sizes.
In estimating η we assume that η can be expressed by comparing the input area of
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the Winston cone with an area equal to the base area of a right angle cone of height
z+30mm and apex angle of 2·γ. In that sense, η is a proportion of the power distributed
over the Winston cone input aperture area and the amount of optical power which is not
collected by the QMC focusing cone and therefore lost.
3.4.3 Calculation of the systematic uncertainties in the experiment
The following tables present the values of systematic uncertainties in this experiment.
The ﬁrst table comprises λ independent uncertainties, whereas the second is for a
λ de-
pendent factors. Even though ∆PLaser may be considered as λ dependent, in practice its
dependency on the wavelength of emission is negligible in comparison to other factors
inﬂuencing the accuracy of the power measurements. More information on the calcula-
tions of measurement uncertainties is provided in appendix L.
Uncertainty Value
∆PLaser 34.5mW
∆φ ±100µm
∆RV 620 V
W
Table 3.5. – Systematic uncertainties – λ independent3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 134
Experiment λ a
λ η ∆PIn-dist ∆PIn-ﬂuc
EFL1 96.5µm 0.182 0.28% 14% 17%
EFL1 96.5µm 0.260 0.61% 14% 17%
EFL1 96.5µm 0.521 1.10% 14% 17%
EFL1 118µm 0.148 0.16% 16% 23%
EFL1 118µm 0.212 0.74% 16% 23%
EFL1 184µm 0.136 0.74% 34% 10%
EFL1 184µm 0.272 1% 34% 10%
EFL2 118µm 0.063 0.02% 7% 22%
EFL2 118µm 0.085 0.02% 7% 22%
EFL2 118µm 0.106 0.04% 7% 22%
EFL2 118µm 0.148 0.16% 7% 22%
EFL2 118µm 0.212 0.74% 7% 22%
Table 3.6. – Systematic uncertainties and η – these uncertainties are f
 a
λ

3.4.4 Systematic uncertainties in the experiment – Summary
Due to the experiment difﬁculty, achieving narrow error bars for this experiment was
very difﬁcult. The sub-wavelength aperture transmission values with the calculated mea-
surement uncertainties are shown in graph 3.29. In the graph, the narrow cap bars stand
for T + ∆T, while the wide cap error bars represent (T + ∆T) · (2 − η).3.4. SUMMARY AND THE DISCUSSION OF THE RESULTS 135
Figure 3.29. – Sub-wavelength aperture transmission measurements with error bars.
The narrow cap bars stand for T + ∆T, while the wide cap error bars
represent (T + ∆T) · (2 − η)3.5. SUMMARY OF THE CHAPTER 137
3.5 Summary of the chapter
The sub-wavelength aperture transmission is obtained by calculating the normalized
diffraction cross section, T = τBethe. As explained in section 3.1.4, τBethe was derived for
apertures formed in an inﬁnitely thin and perfectly conducting metal screen. This fact
manifests itself in two signiﬁcant disadvantages of that theory: T = τBethe is valid only
for 0.0625 > a
λ < 0.23; the transmission values calculated with T = τBethe are higher
than the ﬁgures obtained from FED/FDTD simulations or measured experimentally. At
this point, the bottom limit for the Bethe Theory applicability has not been conﬁrmed
experimentally, though.
The results of the transmission simulations show that the sub-wavelength transmis-
sion is strongly dependent on the aperture’s screen thickness. Unfortunately, it was prac-
tically impossible to measure the sub-wavelength apertures transmission at constant a
λ
, but for various screen thicknesses. The experimental measurements, however, are in
good agreement with the simulation results. As seen from ﬁgure 3.29 the measured val-
ues are correlated with the screen thicknesses – a good example of that are two apertures
measured in the second measurement series for λ = 118µm: φ = 25µm and φ = 35µm.
As seen in graph 3.29, despite the larger aperture diameter, the transmission for the
φ = 35µm aperture is lower than the transmission ﬁgure for φ = 25µm. The decrease
in transmission can be attributed to the screen thicknesses since the φ = 25µm aperture
is th = 12µm, while the larger aperture’s screen measures th = 25µm. The latter fact
further conﬁrms that the discrepancy between the experimental/simulation results and
Bethe Theory is due to the theory’s deﬁciency concerning non-zero thickness screens.
As shown in the table below, most of the apertures measured in the tests can be
considered circular waveguides operating under cut-off conditions and thus are char-
acterized by an additional waveguide attenuation. As seen from the table, the attenu-
ation for these waveguides is high and can explain the discrepancy between the mea-
sured/simulated transmission values and Bethe theory calculations. The conclusion here
is that the Bethe Theory can be used for calculating the transmission of non-perfect con-
ductor, ﬁnite screen thickness sub-wavelength apertures, but only when combined with
the waveguide analysis and over the 0.0625 > a
λ < 0.23 range. Note that as conﬁrmed
experimentally, the FEM Lumerical software can serve for simulating sub-wavelength3.5. SUMMARY OF THE CHAPTER 138
aperture transmission of non-zero screen thicknesses with good accuracy.
φ = 2 · a [µm] a [µm] λ [µm] a
λ th [µm] λc [µm] γ [dB]
35 17.5 96 0.182 25 60 14.4
50 25 96 0.260 25 85 5.9
100 50 96 0.521 25 171 -
15 7.5 118 0.063 12 26 25
20 10 118 0.085 13 34 20
25 12.5 118 0.106 13 43 16
35 17.5 118 0.148 25 60 20
50 25 118 0.212 25 85 11
100 50 118 0.424 25 170 -
50 25 184 0.136 25 85 22
100 50 184 0.272 25 170 5
Table 3.7. – λc and γ in the sub-wavelength aperture transmission experiments
At the time when this chapter was being prepared it was not obvious if the THz mod-
ulators can in fact be characterized using the existing THz setup20. Thus, the goal of
this chapter was also to verify whether any THz transmission can be measured through
apertures with diameters corresponding to the THz modulator windows’ sizes. The ex-
perimental tests have demonstrated that the measurements of λ = 118µm radiation is
possible for apertures as small as φ = 15µm. No transmission, however, was recorded for
apertures smaller than φ < 10µm.
In the current modulator design, the thickness of the metallization (screen) for the
resolution deﬁning apertures is below 1µm. Layers of metallization thicker than 1µm
could potentially result in greater attenuation of the THz radiation.
20Successful THz tests of the existing modulator chips, carried out after this part of the project was ﬁnished
and described in chapter 4, ultimately proved that it was possible to use the existing setup for the modulator
THz tests.Chapter 4
THz modulator optoelectronic tests
“It worked...”
J. Robert Oppenheimer after the “Trinity” test
This chapter presents the optoelectronic characterization of the THz modulator. The
modulators’ optoelectronic performance was experimentally investigated for medium-
(MWIR ), and longwave infrared (LWIR ) regimes as well as for the THz radiation. The
experimental work on the modulators was successfully accomplished by building a ﬁrst
ever, fully functional, multiple pixel near-ﬁeld THz microscope. With this device, multiple
pixel near ﬁeld sub-wavelength images were acquired with λ
4 resolution at λ ≈ 118µm.
The electrical characteristics – I−V and frequency response – of the THz modulators
were examined in chapter 5.4.1. THZ MODULATOR MEASUREMENTS 140
4.1 THz modulator measurements
We begin with a review of the earliest modulators tests performed by Fourier Transform
Infrared Spectroscopy (FTIR) setup for the LWIR radiation imaging.
4.1.1 Characterization with the FTIR setup
The initial tests of the modulator performance, carried out shortly after delivery in mid-
2007, using a Perkin-Elmer SpectrumGX combined with an infrared microscope Au-
toImage. Thanks to its high-end catadioptric lenses, the microscope was particularly
suitable for preliminary single-pixel transmission measurements.
In the tests, the spectral response of AutoImage was limited to λCutOﬀ ≈ 11µm.
The goal of these measurements was to see whether the device could amplitude modu-
late longwave infrared radiation by virtue of free carrier absorption. The tests use free
carrier absorption (FCA). As already explained in section 2.5.5 of chapter 2, free carrier
absorption coefﬁcient can be modeled for holes or electrons by the Drude-Zener theory.
For LWIR radiation, free carrier absorption is sufﬁciently strong to enable the tests,
[47]. By driving the modulator P-i-N diodes under forward bias additional carriers are
injected into the junction which consequently, by virtue of FCA, decreases the optical
transmission.
In the tests, the modulator, ﬁtted into an IC socket chip holder, was clamped to the
microscope’s microstep X-Y-Z stage. The device was DC forward biased. The value of
the electric current ﬂowing through a given P-i-N diode was controlled with a stabilized
power supply. The modulator was examined in the transmission mode only – the radi-
ation emitted by the source was focused on the N+ face of the chip (aperture screen).
The signal transmitted through the sixteen holes was collected by the microscope’s main
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4.1.(a) Visual image – the modulator’s holes array 4.1.(b) Intensity map – Id = 0mA
4.1.(c) Intensity map – Id = 20mA 4.1.(d) Intensity map – Id = 0mA
Figure 4.1. – Variations in the holes’ apparent transmission, modulator version 15µm
Several infrared radiation maps of the modulator hole array face were imaged using
the microscope’s point-by-point scanning acquisition mode. Each of the images consists
of 512 scans averaged to suppress noise. The microscope’s instantaneous ﬁeld of view1
constitutes at best half of the modulator hole diameter for a φ = 15µm modulator. These
longwave infrared images, λ1 ≈ 7.6µm to λ2 ≈ 11µm, are to visualize the bias dependent
absorption change across the modulator array. In ﬁgures 4.1(a) to 4.1(d) the radiation
intensity maps, as well as visual image, are presented. An artiﬁcial colour palette was
applied to images to stress absorption variation across the area – a reference absorption
scale is provided for clariﬁcation.
A comparison between the broadband LWIR images in ﬁgure 4.1(b) and 4.1(c)
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shows a dramatic decrease in the apertures’ transmission – as more carriers are injected
into the device active region, less optical power is transmitted. As can be seen, the trans-
mission windows appear to have “shrunk” in their diameter between the subsequent
scans. It should be noted, that even under forward bias, no increase in the infrared radi-
ation emitted from the modulator surface is observed. (Any signiﬁcant thermal emission
would be seen as a change in the apparent, relative absorption.) This observation sug-
gests that, at the time of the measurements, the heat generated within the modulator
structure and emitted by the modulator was negligible2.
4.1.2 Optical attenuation
In this test, the device transmission characteristics for the radiation region of ν1 =
6000cm−1 to ν2 = 1000cm−1 (λ1 ≈ 1.67µm to λ2 = 10µm) were measured. Figure
4.2 presents transmission curves scanned for various electric biases.
Figure 4.2. – Attenuation spectra – runs represent various bias settings; A 2% difference
in the transmission values between the runs are thought to be due to the
setup’s mechanical instability.
As can be seen from the graph, by comparison with the “modulation-free” spectra, a
2The modulator face is coated with Titanium and Aluminium, and therefore expected to be highly reﬂec-
tive/low emissive in nature, further weakening any spurious emission.4.1. THZ MODULATOR MEASUREMENTS 143
decrease in transmission is seen mostly within ν3 = 1600cm−1 to ν2 = 1000cm−1. This
can be seen as a transmission decrease towards longer wavelength. This illustrates the
free carrier absorption mechanism. From the graph we see that the absorption factor rises
(transmission drops) with λ. This dependence, however, is not λ2 as we might expect, but
λ≈1.7 as calculated using the Origin 6.0 non-linear curve ﬁtting toolbox. The quantitative
analysis of the results of the free carrier absorption tests will be carried out later in this
chapter.
4.1.3 Preliminary modulation tests – AC bias tests
The following section describes the earliest attempts to conﬁrm the modulators’ ampli-
tude modulation capability under AC current drive.
An identical test setup was used for this series of tests with the exception, however,
that the device was not DC biased, but instead was driven with AC signal of a given fre-
quency. These tests took the advantage of the FTIR spectroscopy principle of operation,
explained in section 2.4.1, chapter 2. As seen from equation 2.1, on page 34, an FTIR
interferogram’s intensity is related to the FTIR interferometer’s scanning mirror velocity.
Thus, an amplitude modulated optical signal, with its modulation frequency chosen with
regard to the scanning mirror oscillation frequency, can fall within the FTIR interfero-
gram’s frequency range. This optical signal, corresponding to a speciﬁc interferogram
frequency, will be registered by an FTIR spectrometer as an intensity increase for that
particular interferogram’s frequency.
Figures 4.3 and 4.4 show the spectra with the modulation signal. The modulation
frequencies were selected to match ν1 = 3000cm−1 and ν2 = 5200cm−1 wavenumbers,
respectively. The modulation frequency was set such that3 νpeak = 10 · fmod, where νpeak
is the interferogram frequency. In the graphs, a modulation-free spectrum is plotted for
reference.
The strong modulation peaks and their corresponding harmonics are easily discerned
in the spectra. A modulation peak magnitude depends on the bias. It was observed that
the modulation peaks would appear in a spectrum as an increase, as well as decrease in
the transmission value.
Whilst FTIR was a useful technique to conﬁrm that amplitude modulation is occur-
3This frequency was chosen on the basis of the available literature for the ORC FTIR setup.4.1. THZ MODULATOR MEASUREMENTS 144
Figure 4.3. – AC modulation spectrum, fMod = 450Hz
Figure 4.4. – AC modulation spectrum, fMod = 520Hz4.1. THZ MODULATOR MEASUREMENTS 145
ring, this method was hard to calibrate absolutely in terms of modulation depth, and
thus it was not pursued further.
4.1.4 Veriﬁcation of the Results
Some additional tests to conﬁrm the origin of the observed peaks were carried out. It
was necessary to verify whether the modulation peaks were in fact, and as expected,
related to the modulation of the radiation transmitted through the chip or, whether it
was caused by the thermal radiation emitted by the modulator itself or due to increase
in emissivity of the pixel area (higher absorption = higher emission).
The FTIR beam was cut off in the optical path by shielding the microscope’s bottom
condenser lens. Thus, no infrared radiation was sent through the modulator. In ﬁgure
4.5 the comparative spectra are demonstrated.
Figure 4.5. – Comparative spectra – thermal artifacts
Plots shown in ﬁgure 4.5 are a disappointment, since the apparent modulation peaks
were seen even if no optical power was transmitted through the modulator. Since no
increase in thermal radiation emitted from the modulator surface was observed pre-
viously (note ﬁgure: 4.1), this points to the conclusion that the spurious modulation4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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signal is attributed to an increase in emissivity(=absorptivity) of transmission windows.
Nevertheless, further analysis of the spectra taken with and without the optical signal
revealed that the peak magnitude for “radiation-on” was greater than in comparison
to “radiation-off” reference signal. Therefore, qualitatively speaking, a modulation for
LWIR as well as MWIR radiation was observed. This encouraging observation sug-
gested that the optical signal transmitted through the chip was, as expected and desired,
amplitude modulated.
4.2 THz modulator frequency response and amplitude modu-
lation performance for MWIR , LWIR and THz regimes
In the following sections the results of the THz modulator optoelectronic performance
characterization, carried out using MWIR , LWIR infrared lasers as well as THz radia-
tion source, are described.
First we begin by describing the MWIR and LWIR experiments that aimed at:
– measuring the MWIR and LWIR amplitude modulation depth for the device;
– measuring the device frequency response;
– assessing the magnitude of crosstalk interference between the adjacent pixels (pixel-
to-pixel interference);
– on the basis of the above, estimating the amplitude modulation depth factor within
the THz region;
The MWIR and LWIR tests were done in two series: in the early months of 2008
and 2010. The 2008 experiments were repeated in March 2010 with the intention of
better documenting and further conﬁrming the ﬁndings of the early 2008. As discussed
later in this chapter and thoroughly investigated in chapter 5, the modulators’ electronic
and, consequently, optoelectronic characteristics worsened considerably between mid-
2007 and late 2010. Therefore, the dates of the experiments are particularly relevant in
documenting that deterioration process.
Two infrared laser sources were used in the tests: Edinburgh Instruments PL3 CO2
LWIR laser (λ ≈ 10µm) and He-Ne MWIR laser (λ = 3.39µm). It is obvious that the4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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amplitude modulation mechanism intended for the THz regime – induced plasma re-
ﬂectivity, described in section 2.5.5, chapter 2 – cannot serve in these “sub-THz” infrared
regions. As proved in section 2.5.5 of that chapter, within MWIR and LWIR free carrier
absorption can be used instead for effective amplitude modulation.
In the early stage of this project, the results of the initial MWIR and LWIR mea-
surements served for predicting the expected THz performance of the modulators. (The
experimental part of this PhD was in fact completed with a fully functional THz imaging
microscope. Additional characterization of the modulators was also carried out within
the THz regime. The operation of the THz modulators at λ ≈ 118µm was therefore
proved beyond any doubt.) As shown in section 4.5, the MWIR and LWIR results
were extrapolated into the THz regime on the basis of the Drude-Zener theory.
4.2.1 Characterization within the MWIR regime – He-Ne laser setup
The He-Ne MWIR laser setup is presented in ﬁgure 4.6. The same arrangement was
used for the cross-talk interference tests, which are thoroughly discussed and analyzed
later in the chapter. The methodology of this experiment is exactly the same as that
employed for its LWIR counterpart.
Figure 4.6. – HeNe measurement setup, λ ≈ 3.39µm
Two versions of the THz modulator, with 10µm and 15µm aperture diameters, were
examined. The results of the measurements of the 10µm modulator are presented in
graph 4.7.
The amplitude modulation depth, at λ = 3.39µm, as a function of the diode current
for a 15µm modulator is shown in ﬁgure 4.8. The amplitude modulation depth exceeds
> 0.6% for a single diode current of IDiode ≈ 5mA. More on the amplitude modulation
at λ = 3.39µm is given in the cross-talk related section of this chapter.4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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Figure 4.7. – Depth of modulation graph, 10µm modulator, λ ≈ 3.39µm
Figure 4.8. – Attenuation characteristic for the 15µm modulator4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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4.2.2 Characterization within the LWIR regime – CO2 laser setup
This section refers to the second series of tests involving a CO2 longwave infrared laser.
The laser emits coherent beam of radiation of λ ≈ 9.6µm.
Alignment of the CO2 setup — basic optical bench
The initial CO2 laboratory setup is shown in ﬁgure 4.9. This setup was used to properly
align the optical bench — the goal here was to gain the maximum possible optical power
passing through the THz modulator pixel(s). Once the setup was optimally aligned, some
minor modiﬁcations were introduced to carry out the THz modulator frequency charac-
terization. The modiﬁcations consisted in removing the opto-mechanical modulator and
amplitude modulating the PL3/CO2 beam using the THz modulator.
Figure 4.9. – Basic Optical Bench for the setup alignment
In the setup shown in ﬁgure 4.9, the detection is realized with a highly sensitive VIGO
PCI-10.6 photoconductive detector. The PL3 laser beam is modulated using a chopper,
which modulation frequency is referenced to a phase sensitive detector (PSD).
Several other components can be speciﬁed in the setup:
– neutral density ﬁlter (NDF) — used to decrease the level of the optical power which
was focused onto the THz modulator front screen. The NDF was a thin, perforated
metal mesh. The T = 32% transmission of the ﬁlter is independent of the radiation
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– Calcium Fluoride (CaF2) beam splitter — this component, used in combination
with an off-axis parabolic mirror (PM1), allowed the use of a visible He-Ne laser;
– He-Ne laser (λHeNe ≈ 0.6328µm) – the laser used to facilitate alignment. The He-
Ne laser beam was not modulated and therefore was not detected by the PSD.
During the modulator measurements, the He-Ne laser remained switched off;
– THz modulator – installed in a X − Y − Z stage,
– several optical elements such as: plane, gold plated mirrors (M1,M2), off-axis 90o
parabolic mirror PM1 (effective focal length of EFL ≈ 142mm), two ZnSe plane-
convex lenses (L1, L2) complete the optical assembly of the setup. The radiation
passing through the modulator plate will diffract considerably when leaving the
device structure. Therefore, L1 was chosen to have small F-number (close to F =
1) to gather as much of the diffracted optical power as possible. L2 was used to
focus the radiation on to the detector’s,
The expected size (1/e2 diameter) of the focused spot point was 2ω = 150µm, for mirrors
EFL = 142mm and λ ≈ 10µm.
THz modulator frequency response characterization as of 2008
The CO2 measurement setup is sketched in ﬁgure 4.10. As mentioned in the preceding
section, in this arrangement the chopper is removed and the amplitude modulation of
the PL3 laser output signal is performed by the THz modulator itself. A photo of a 15µm
modulator tested in the 2008 setup is shown in ﬁgure 4.11.4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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Figure 4.10. – Main Optical Bench – proper measurement setup
Figure 4.11. – CO2 setup – a 15µm modulator ﬁtted into a holder and facing the LWIR
laser output aperture; photo taken in January 20084.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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The modulator is driven with an AC current source (square wave signal), from a
laboratory signal generator. This frequency signal, isolated using a simple opto-coupler4,
is also the PSD’s reference. The frequency response of the current source has f3dB ≈
600kHz for the maximum current of ITotal = 28mA. The frequency characteristic of
the current source is given in appendix D. The amplitude modulation factor is ∆m –
amplitude modulation depth, deﬁned in appendix C.
The frequency response of the modulator was measured from: f = 1kHz to f =
99kHz, limited by the Stanford SRS250 phase sensitive detector’s frequency response
only. During the measurements, the modulator total current was set to ITotal = 28mA
(note that how the current divides between 14 diodes is unknown, however.). A com-
plete, unshielded array of 16 pixels was exposed to LWIR radiation. Future tests (car-
ried out in March 2010) involved characterizing only one pixel, with the remaining pixels
shielded using thin aluminum foil.
The results for this part of the experiment are presented below.
The modulator used in the tests was a 15µm version, assembled on the 29th of
November of 2007. Figure 4.12 shows the amplitude modulation characteristic as a func-
tion of a single diode current. The graph was acquired and plotted in December 2007.
For the modulator chip used in the tests, two diodes out of 16 pixels in array were inop-
erable due to bad wirebonding5. The modulation frequency was set to fMod ≈ 2.5kHz.
It is striking to observe that the amplitude modulation is as strong as ∆m ≈ 10% for
Id = 2 − 3mA. That result was initially thought to be unrealistically high. However, the
amplitude modulation calculations, presented in section 4.5, clearly show that for a fully
functional device the depth of modulation as high as ∆m ≈ 10% is in fact possible for
LWIR and for the given diode current.
Following those very encouraging results obtained in mid-December 2007, more CO2
laser tests were carried out in early 2008 to examine the modulator’s frequency perfor-
mance. Figure 4.13 shows the frequency response characteristic of a 15µm THz modula-
tor. Figure 4.14 shows the absolute phase difference between the modulated signal and
4In the setup used in early 2010 a proper ﬁbre link connection was employed.
5Later ﬁxed by the author once a suitable wirebonder was acquired by the School of Electronics and
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Figure 4.12. – Initial amplitude modulation characteristic, plotted as a function of a sin-
gle diode current. The characteristic was acquired for 15µm modulator
version for a full, 14 (2 pixels not working) pixel array in December 2007.
reference frequency signal. In ﬁgure 4.15 presents the amplitude modulation frequency
characteristic. The ﬂuctuations of ∆m for frequencies above fmod > 30kHz are due to
the ﬂuctuations of the background reference signal (IR-OFF background signal, seen in
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Figure 4.13. – Frequency response characteristic
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Figure 4.15. – Amplitude modulation characteristic
One very important, and also encouraging, observation made at this stage was the
small phase shifts. As seen in ﬁgure 4.14 the relative phase does not change in value
even for the modulation signals reaching f ≈ 100kHz. That fact was a strong indication
of the modulator’s upper f3dB frequency extending well beyond 100kHz. This can be
understood from Bode plots in ﬁgure 4.16 – the plots are drawn for a single pole, low-
pass ﬁlter with f3dB = 100Hz.
In other words, the stability of the relative phase values conﬁrmed that the modula-
tors could AM modulate the signal for greater frequencies.
THz modulator frequency response characterization as of 2010
A new series of the CO2 measurements was performed in early 2010. The goal of these
measurements was to conﬁrm and better document the 2008 ﬁndings. The same THz
modulator chips, assembled in November 2007, were used in the tests. The only differ-
ence in the architecture between the 2010 and 2008 setups was the use of a cryogenically
cooled MCT (Mercury Cadmium Telluride) photodetector, which replaced the VIGO PCI-
10.6. Higher sensitivity of the new detector partially compensated for considerably lower
CO2 laser power levels6. The tests were carried out for the 10µm and 15µm versions of
6Despite some maintenance check and repair work, the PL3 laser used in the experiment operated for
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Figure 4.16. – Magnitude and Phase Bode plots for a single pole, low-pass ﬁlter. Note
the relative phase shift for f3dB.
the THz modulators. In both cases, 15 out of 16 pixels were shielded with only one
pixel left exposed to the impinging LWIR radiation. Figures 4.17 and 4.18 present the
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Figure 4.17. – Frequency response characteristic for the 15µm modulator
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As seen in the graphs, even though the modulators operation was conﬁrmed, the
performance had seriously deteriorated since 2008. The depth of amplitude modulation
is considerably lower than observed in 2008. This is better seen in graphs 4.19 and 4.20
which present two depth of modulation (attenuation) characteristics plotted for a 15µm
THz modulator for fmod = 1.3kHz and fmod = 13kHz, respectively. Additional depth of
modulation characteristics acquired in 2010 can be found in appendix F.
Figure 4.19. – Amplitude modulation for the 15µm modulator, tested for fmod = 1.3kHz
in early 2010
Even more disturbing discovery, however, relates to the frequency performance of
the THz modulators. As clearly seen from ﬁgures 4.17 and 4.18, the upper limit for the
operating frequency of the modulators is now only f3dB ≈ 15 − 20kHz. Disregarding
some spurious “self-emission” signals (relating to change in emission coefﬁcient of the
modulated aperture window), the THz modulators are evidently performing much worse
in terms of frequency response. This is further conﬁrmed by the relative phase shift,
seen in ﬁgures 4.21 and 4.22. The relative phase shifts by 45o for frequencies exceeding
f 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Figure 4.20. – Amplitude modulation for the 15µm modulator, tested for fmod = 13kHz
in early 2010
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Figure 4.22. – Relative phase shift for the 10µm modulator
Weaker depth of modulation was initially attributed to the fact that in the 2010 mea-
surement series only one pixel was left exposed for the laser radiation, whereas in 2008
the modulators were tested for the full array of 14 pixels. However, the substantial de-
crease in frequency response could not be explained in that way and thus completely
invalidated that explanation – the same THz modulator copies tested in early 2008 not
only demonstrated stronger depth of modulation, but were also characterized with fre-
quency response exceeding f3dB >> 100kHz.
A quantitative comparison between the 2008 and 2010 data is given in the summary
of this chapter, section 4.5. An extensive discussion on the causes of the deterioration
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4.2.3 Characterization within the THz regime – FIRL-100 laser setup
Following the MWIR and LWIR experiments, the performance of the modulators was
ﬁnally examined with THz. The tests were carried in the last quarter of 2010, using
modulators assembled shortly before the measurements. Drawing 4.23 presents the THz
test setup used in this experiment.
Figure 4.23. – THz test bench
The tests involved the FIRL-100 laser capable of generating approximately7 ≈ 60mW
at λ ≈ 118µm and a modiﬁed QMC photodetector with its spectral response speciﬁcally
enhanced for that FIRL-100 emission wavelength. Also, it was discovered that the best
coupling efﬁciency between the modulator and THz detector were achieved using the
QMC’s internal Winston cone for focusing. Thus, no additional optical elements (such as
OAP mirrors) were used for focusing the transmitted radiation. A good deal of precau-
tions was taken to shield the photodetector from any unwanted THz radiation and also
radiation beams reﬂecting from the many metallic surfaces. A photo of the modulator
ﬁtted in its radiation shield/holder, positioned in the focal plane of an off-axis parabolic
mirror, is shown in ﬁgure 4.24.
Two amplitude modulation characteristics acquired for the modulation frequencies
of f = 330Hz and f = 9kHz are presented in ﬁgures 4.25 and 4.26, respectively.
7The nominal power for FIRL-100 is 150mW at λ = 118µm. The laser, however, very often refuses to
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Figure 4.24. – Modiﬁed THz modulator holder seen ﬁtted into an improvised radiation
shield; the modulator seen from this angle is facing the QMC photode-
tector
Figure 4.25. – Amplitude modulation characteristic at λ ≈ 118µm; fMod = 330Hz4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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Figure 4.26. – Amplitude modulation characteristic at λ ≈ 118µm; fMod = 9kHz
These characteristics are an indisputable evidence of the modulator’s capability of
amplitude modulating the THz radiation. Regrettably, the magnitude of the modulation
decreases rapidly with an increase in the modulation frequency, resulting in the device
completely incapable of any frequency modulation for f ­ 9kHz. As seen in graphs,
the dramatic decrease in the amplitude modulation from ∆m ­ 7% at fMod = 330Hz
to less than 2% at fMod = 9kHz is accompanied by a strong modulator emission (“self-
emission”) signal8. It was in fact conﬁrmed during the tests that for larger modulation
frequencies, the magnitude of the spurious emission would equal the real modulation
signal. The latter results in the depth of modulation falling to zero for modulation fre-
quencies greater than fMod ­ 9kHz, as seen in the amplitude modulation frequency
characteristic, ﬁgure 4.27.
The frequency characteristics — amplitude modulation and relative phase shift, graphs
4.27 and 4.28 — further conﬁrm that the THz modulators are no longer capable of ampli-
tude modulation for frequencies above fMod ­ 9kHz (on the basis of the relative phase
shift it is obvious that f3dB is in fact only f3dB = 7kHz). The value of the modulator
total current of Id = 10mA was kept constant during the frequency measurements.
The results of this experiment are discussed in the summary of this chapter.
8Thanks to the QMC’s excellent sensitivity, it os conﬁrmed that the spurious “self-emission” signal is
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Figure 4.27. – Frequency characteristic at λ ≈ 118µm
Figure 4.28. – Relative phase shift characteristic at λ ≈ 118µm4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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4.2.4 THz modulator pixel cross-talk measurements
Cross-talk interference between the pixels is the inﬂuence of the neighboring pixels on
a selected pixel. That inﬂuence can give false modulation signals, even if the target
pixel remains unmodulated. The cross-talk is likely to be caused by free carriers injected
into a particular diode structure but diffusing freely towards a different pixel. For a
frequency multiplexed spatial modulator consisting of numerous transmission windows,
cross-talk between the pixels is particularly undesirable. Any pixel-to-pixel interaction
will result in false data (spurious modulation output signals). For a spatial modulator
with no isolation between the optical channels – such as this one – that could suppress the
carrier diffusion, the cross-talk could be minimized by spacing the transmission windows
at a distance at least equal to or preferably larger than the carrier diffusion length9. The
large pixel spacing (large pixel to pixel separation), however, is undesirable as one would
prefer the imaging matrix to be composed of densely spaced pixels for convenient image
acquisition. Therefore, the magnitude of cross-talk is a critical parameter.
In its current design, no physical electronic isolation (such as for instance a hetero-
junction barrier etc) between the neighboring channels (pixels) was implemented. Con-
sequently, locally injected energy carriers are not conﬁned to a given area, but remain
free to diffuse to the neighboring active regions. The ambipolar free carrier diffusion
length is given as [141]:
LD =
√
τ · D (4.1)
where:
τ – ambipolar carrier life time;
D – ambipolar carrier diffusion coefﬁcient;
We expect carriers to be able to diffuse across the junction length, reaching bottom
N+ contact before they recombine. Thus, the diffusion length should be considerably
larger than the Silicon wafer’s thickness, th = 200µm. This is to assure close to uni-
form carrier concentration distribution across the I region (essentially: across the mod-
ulator wafer’s depth). For the diffusion length10 shorter than the wafer thickness, one
would observe a signiﬁcant gradient in the carrier concentration across the i-layer (for
9If this length is precisely known.
10Diffusion length of carriers is understood as an average distance the energy carriers can travel before
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instance, the highest concentration of holes is seen in the proximity of P+ contact, de-
caying towards N+ contact). The modulator’s performance is mostly affected by free
carriers traveling through the lightly doped, high resistivity i-layer of the P-i-N diode.
In the current structure, this region is a π-type layer with the acceptor concentration of
Na = 3.5·1014 1
cm3. For this concentration, the following τp and Dp values were adopted
from, [151]: Dp = 12cm2
s and an example carrier lifetime of τp = 200µs. We arrive to:
LD ≈ 490µm (4.2)
This value is only a rough estimate of LD for the as-delivered, unprocessed wafers11.
Additional non-radiative recombination processes are likely to take place in a real struc-
ture shortening the actual diffusion length considerably. In the current modulator design,
the transmission windows are spaced at a distance of L ≈ 100µm. Picture 4.29 shows
LD = 500µm in comparison to the modulator’s array size.
Figure 4.29. – Calculated carrier diffusion range
11Another value of LD ≈ 500µm is often found in literature as the ambipolar diffusion length for standard
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4.30.(a) Optical magniﬁcation: 5x 4.30.(b) Optical magniﬁcation: 15x
Figure 4.30. – Shielded modulator 10µm – unshielded diode: 16
Thus, considering the above, pixel-to-pixel cross-talk interference is very probable.
The test consisted in monitoring the optical power transmitted through one pixel (atten-
uation factor) while forcing electrical current through the remaining, surrounding pixels
(diodes). Despite some possible recombination losses, those carriers may diffuse towards
the neighboring P-i-N diodes and contribute to an increase in optical absorption. The sig-
nal will also be shifted in phase depending on the distance between the cross-talk source
and the modulated pixel.
The cross-talk measurements were carried out using several modulator chips with
15 out of 16 modulator transmission windows shielded using thin metal pieces. One
transmission window (“pixel”), numbered arbitrarily depending on the modulator wire
bonding, was left unshielded. The whole operation was completed using an assembly
microscope.
Photo number 4.30(a) was taken for 5x magniﬁcation, with NA = 0.15. As can be
seen, for this magniﬁcation, only one out of 16 modulator apertures remains exposed
to the IR radiation. The situation changes, however, when the shielded aperture array is
examined under greater optical magniﬁcation. Figure 4.30(b) presents the same modu-
lator structure photographed under the 15x optical magniﬁcation. For larger magniﬁca-
tion (and numerical aperture), also the shielded apertures become visible. This effect is
graphically explained using diagram 4.31. For a non-zero distance Z between the mod-
ulator face and metal shield, the shorter focal length of the objective lens (larger mag-
niﬁcation; larger numerical aperture; shorter operating distance; objective lens closer to4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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the metal shield) allows a larger area to be observed under the metal shield.
Figure 4.31. – Numerical apertures deﬁne the ﬁeld of view; Additionally, the distance Z
between the metal shield and modulator surface is critical.
The effective focal length, EFL, of the off-axis parabolic mirror used in the test setup
exceeds EFL = 142.5mm, guaranteeing therefore long relief. Thus, we expect the re-
maining 15 holes to be properly shielded from the impinging laser radiation. To avoid any
light reﬂections between the metal shield and modulator surface, a new batch of modu-
lators was prepare with apertures screened using, closely spaced thin aluminum ﬂakes.
The photo of a shielded 15um modulator is shown in picture number 4.32. Subsection
Figure 4.32. – Shielded 15µm modulator. Pixel seen: 14
on page 171 presents the cross-talk results for a 10µm modulator acquired at λ ≈ 9.6µm,
while the measurement results carried out with a Helium-Neon laser at λ ≈ 3.39µm are
given on page 169. A quantitative analysis of the cross-talk results and comparison be-
tween the 2008 and 2010 data are provided at the end of this chapter.4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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THz modulator pixel cross-talk interference measurements for MWIR radiation
This section describes the cross-talk interference measurements for a 10µm and 15µm
modulators carried out in early 2008 using a 3.39µm He-Ne laser. The He-Ne MWIR
laser, was not repeated in 2010, and thus no comparison with newer data is possible.
The results of this experiment are given for the record only.
Figures 4.33 and 4.34 show the cross-talk characteristics of the two modulator chips.
In both cases, the depth of modulation of λ = 3.39µm wavelength reaches or exceeds ≈
0.3% for single diode current of Id = 5mA. Note that the depth of modulation magnitude
axis in graph 4.34 is logarithmic.
Charts 4.35 and 4.36 show the position of the interfering pixels in the modulators’
arrays. The strength of the interference signal is shown by varying depth of red color
transparency. The charts are to show which pixels contribute the most to the cross-talk
interference. In both cases, the pixels which are the closest in position (that is ≈ 100µm,
pixels at the right angles) to the unshielded, target pixel can be seen to introduce the
strongest interference signal.
More graphs for this part of the cross-talk characterization experiment are given in
appendix E.
Figure 4.33. – Cross-talk, depth of modulation, mod.: 10µm, pixel unshielded: 16, λ ≈
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Figure 4.34. – Cross-talk, depth of modulation, mod.: 15µm, pixel unshielded: 14, λ ≈
3.39µm
Figure 4.35. – Cross-talk interference “map”, λ ≈ 3.39µm, mod.: 10µm4.2. THZ MODULATOR FREQUENCY RESPONSE AND AMPLITUDE MODULATION PERFORMANCE FOR
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Figure 4.36. – Cross-talk interference “map”, λ ≈ 3.39µm, mod.: 15µm
THz modulator pixel cross-talk interference measurements for LWIR radiation –
2008
The measurement is as previously described with the exception, however, that in this
part of the cross-talk measurements a LWIR CO2 laser was used as a radiation source.
The wavelength of operation is λ ≈ 9.66µm. This sub-section outlines the results of
the measurements collected in early 2008. More graphs for the 10µm modulator cross-
talk measurements at λ ≈ 10µm are given in appendix E. Only the 10µm modulator
version was measured for pixel-to-pixel electronic interference in 2008. The cross-talk
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Figure 4.37. – Cross-talk modulation for the 10µm modulator, as measured in early
2008 at λ ≈ 10µm
Figure 4.38. – Cross-talk interference “map”, mod.: 10µm, λ ≈ 10µm, measured in early
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THz modulator pixel cross-talk interference measurements for LWIR radiation –
2010
In this sub-section the results of the 2010 cross-talk measurements with the PL3 CO2
laser are presented. The measurements were carried out for the 10µm and 15µm mod-
ulators, which were assembled in November 2007. The cross-talk measurements at λ ≈
10µm were repeated in order to compare the current state of the THz modulators with
the cross-talk data collected in 2008. The discussion of the cross-talk measurements are
given in section 4.5.
Figure 4.39. – Cross-talk modulation for the 10µm modulator, as measured in early
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Figure 4.40. – Cross-talk modulation for the 15µm modulator, as measured in early
2010 at λ ≈ 10µm, pixels: 2 and 9 are not working
Figure 4.41. – Cross-talk interference “map”, mod.: 10µm, λ ≈ 10µm, measured in early
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Figure 4.42. – Cross-talk interference “map”, mod.: 15µm, λ ≈ 10µm, pixels: 2 and 9
are not working, measured in early 20104.3. SINGLE AND MULTIPLE PIXEL MODULATION – DIRECT MEASUREMENTS 176
4.3 Single and multiple pixel modulation – direct measure-
ments
The CO2 measurement setup and the THz test bench were also used for some direct
measurements of the AM modulation capability of the THz modulators. This time, in
both cases, the photodetectors were directly fed into a high speed, high resolution DAQ
system – PXI-5922 by National Instruments. This experiment consisted in driving the
modulator’s pixel or a group of pixels with a set of modulation frequencies and examining
the resulting frequency spectrum. The data acquisition complex used in this experiment
was selected speciﬁcally for this project, in view of the future tests of the modulator.
More information on the digital data acquisition cards is given in section 2.5.4.
4.3.1 Single and multiple pixel modulation for LWIR regime
Figure 4.43 presents the output frequency spectrum of the photodetector: a modulation
peak is clearly seen. A reference spectrum for the unilluminated condition is also shown.
The spurious modulation peak occurring even under the “radiation-off” condition is at-
tributed to a change in the emissivity/absorptivity factor of the pixel window. In effect,
this “self-emission” of the THz modulator is in fact an increase in absorption (emission)
of the pixel area that appears as a spurious modulation peak.
Figure 4.43. – Direct measurement of a single pixel modulation; λ ≈ 10µm4.3. SINGLE AND MULTIPLE PIXEL MODULATION – DIRECT MEASUREMENTS 177
As an extension to the above, multiple pixel modulation was performed for the ﬁrst
time as shown in graph 4.44. The experiment was carried out using three separate signal
generators, each driving a separate pixel. The modulating frequencies were restricted to
below  15kHz, due to the modulator’s deteriorated frequency performance.
Figure 4.44. – Direct measurement of multiple pixel modulation; λ ≈ 10µm
4.3.2 Multiple pixel modulation for THz regime
Multiple pixel modulation of the THz radiation was demonstrated using the modiﬁed
THz test bench. All the tests were carried out at λ ≈ 118µm. The modulator copy used in
the tests had its 4 central pixels left unshielded — the remaining 12 pixels were shielded
from any incoming radiation.
Figure 4.45 presents a four-pixel-modulation spectrum. Four modulation peaks intro-
duced into the spectrum by the working device are clearly seen in the graph. Additionally,
two odd harmonics of fMod = 1.2kHz can be identiﬁed among the remaining frequency
components.
A similar test, with a different frequency set, was carried out to examine a possible
harmonic and inter-modulation content of the complete spectrum. Graph 4.46 presents
the modulation peaks acquired for the new frequency combination. The same frequency
spectrum, with a frequency axis expanded to show the spurious frequency components,
is plotted in ﬁgure 4.47. Several harmonics and inter-modulation products are clearly4.3. SINGLE AND MULTIPLE PIXEL MODULATION – DIRECT MEASUREMENTS 178
Figure 4.45. – Multiple pixel modulation with 4 active pixels; λ ≈ 118µm
seen in the graph.
The following multiple-modulation experiment consisted in modulating the THz ra-
diation using all of the modulator’s sixteen pixels. In the experiment, sixteen signal gen-
erators were used for driving each of the pixels independently. A separate, unshielded
modulator was prepared for the tests. In spite of the fact that at the time of the experi-
ment the FIR controller (AC current driver described in chapter 6) was already available,
the modulator’s common anode conﬁguration of the electric structure prevented using
the controller in the tests. Therefore, the controller remains as an option for the future
generations of the THz modulators.
Figure 4.48 presents the successful modulation of the THz radiation with sixteen
pixels. Unfortunately, because of the modulators’ seriously weakened AC performance,
the upper useable modulation frequency was limited to fMod ¬ 7000 − 8000Hz. There-
fore, the modulation frequencies were set to encompass the frequency span between
f1 ≈ 3030Hz to f16 ≈ 6000Hz, with the lowest modulation frequency f1 chosen such
that its second harmonic would occur without causing any interference to f16. The modu-4.3. SINGLE AND MULTIPLE PIXEL MODULATION – DIRECT MEASUREMENTS 179
Figure 4.46. – Multiple pixel modulation with 4 active pixels — 1kHz frequency spac-
ing; λ ≈ 118µm
Figure 4.47. – Multiple pixel modulation with 4 active pixels — expanded frequency
axis showing the harmonics and inter-modulation products; λ ≈ 118µm4.3. SINGLE AND MULTIPLE PIXEL MODULATION – DIRECT MEASUREMENTS 180
lation peaks are seen separated by a frequency interval of around ≈ 200Hz. Interestingly
and consistent with the LWIR results, “self-emission” is seen rising with the increase in
the modulation frequency — this is revealed by some weak modulation peaks seen for
“laser-off” (no radiation) at higher modulation frequencies.
Figure 4.48. – 16 pixel modulation — modulated wavelength λ ≈ 118µm
Graph 4.48, showing the full array modulation capability at λ ≈ 118µm, is an excel-
lent demonstration of the device intended principle of operation. This result is particu-
larly encouraging since it was achieved despite the modulator’s on-going aging process
and seriously reduced frequency response.4.4. A THZ MICROSCOPE 181
4.4 A THz microscope
Having conﬁrmed the simultaneous sixteen pixel operation of the modulator, this project
proceeded into applying the modulator in practice – a fully functional THz microscope
was built. The microscope was used for near-ﬁeld, sub-wavelength imaging at λ ≈
118µm demonstrating the multiple pixel acquisition capability.
The concept of imaging with the spatial THz modulators was outlined in chapter 2,
section 2.5.1, on page 56. It was suggested that a transmission image can be created
by scanning the modulator against a small sample. A reversal of this arrangement was
used in reality: the target was mechanically scanned against the ﬁxed modulator. This
conﬁguration, shown in ﬁgure 4.49, is necessary when imaging targets larger than the
diameter of the focused radiation beam (target moving against the entire optical setup;
not the entire optical setup moving against the target).
Figure 4.49. – THz modulator — sample scanned in X/Y against the modulator array
A set of THz targets was designed and fabricated by the school of Electronics and
Computer Science speciﬁcally for this experiment12, by courtesy of Dr. Kiang Kang of
ECS. These sub-wavelength targets were formed with Chromium layers deposited on
200µm thick, highly resistive Silicon substrates.
12At λ = 118µm and the modulator’s resolution deﬁning aperture size of φ = 15µm.4.4. A THZ MICROSCOPE 182
4.4.1 Measurement setup
The THz microscope setup is shown in ﬁgure 4.50.
Figure 4.50. – The THz microscope
This setup is a largely modiﬁed version of the THz test bench shown in ﬁgure 4.23
on page 161. The QMC photodetector output is connected directly to the PXI-5922 data
acquisition card, ﬁtted into a National Instruments industrial computer. To allow more
space for target holder, an off-axis parabolic mirror with EFL = 152.4mm was used (pre-
viously, EFL = 76.2mm for tighter focusing). The target – as explained later, held in the
near-ﬁeld of the resolution deﬁning apertures – is scanned against the modulator using
a ThorLabs X-Y-Z motor stage with a movement resolution of 250nm (actual ≈ 500nm),
and guaranteed backlash of < 6µm (average measured: 5.4µm). A video camera with
a close-up lens was used for precise target alignment. Figure 4.51 shows the modulator
mount, focusing mirror and target holder with a target pressed into the modulator front
face.
The pixel frequencies and diode currents were set using 16 separate signal gener-
ators. Because of the modulators deteriorated frequency response, the highest possible
modulation frequency was ≈ 11kHz. Therefore, the useable bandwidth for all the mod-
ulation frequencies was only BW ≈ 5kHz (5kHz − 10kHz). Also, the modulator metal-
lization problems and common-cathode conﬁguration of the current structure prevented
the use of the FIR controller, described in chap 6, for driving the modulator.4.4. A THZ MICROSCOPE 183
Figure 4.51. – The THz microscope – in the photo, counterclockwise: Video camera (up-
per left corner); focusing paraboloid (left center); Target holder with a
modulator shield (center and center right); QMC photodetector (upper
right corner behind the modulator shield)
The image acquisition (target scanning + signal inputs) is controlled by a LabView
application. After each scanning step, the transmission of 16 apertures and reference
laser power are recorded for a given stage position. The resulting raw image ﬁle is ﬁnally
processed into a THz transmission image by a dedicated MatLab application.
More information on the microscope operation and target alignment is given in the
following two sub-sections.
4.4.2 Microscope operation
The complete imaging cycle consists of several separate operations: target raster scan-
ning (LabView), acquisition of aperture transmission signals and reference laser power
(LabView), output spectrum “frequency ﬁltering” (LabView), and image processing (Mat-
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Raster scanning
The image is created by raster scanning the target against the ﬁxed aperture array. A
ﬁnal transmission image is composed of pixels. The modulator apertures are used for
acquiring pixels. Pixels’ intensities in the THz transmission image represent the optical
transmission of sub-wavelength apertures. 16 pixels are acquired simultaneously in one
single acquisition.
In the current modulator design, the apertures in the modulator’s array are 100µm
apart. A single scanning step was programmed to ∆X/∆Y = 8µm which gives 12 steps
in X/Y directions before the space between the adjacent apertures is populated with
pixels (it takes 100µm/8µm = 12 steps/acquisitions to ﬁt 12 pixels between two adjacent
apertures). Figures 4.52 to 4.54 ease the understanding of the scanning scheme. For
∆X/∆Y = 8µm and the apertures diameter of φ = 15µm two consecutive pixels overlap
a particular section of the target – this increases the probability that the target details are
imaged properly. As can be understood from ﬁgure 4.52, every single aperture acquires
XSteps · YSteps = 12 · 12 = 144 steps = 144 pixels at the end of a complete image scan.
Note that the ﬁnal transmission image consists therefore of 16 pixel blocks, each of
them acquired using a separate sub-wavelength aperture (one sub-wavelength aperture
= one modulation frequency assigned to it = one section of image populated with pixels
acquired using that sub-wavelength aperture). These pixel blocks are termed “cells” (or
pixel cells). With 16 cells in the ﬁnal transmission image the total number of acquired
pixels equals 144 pixels per aperture · 16 apertures/cells = 2304.
Every full image scan begins with the motorized stage backlash correction. As seen
in ﬁgure 4.52, the ﬁrst pixel acquisition (for X = 1;Y = 1) is preceded by an 8µm
movement in X/Y from the neutral starting position (X = 0;Y = 0). One 8µm step is
sufﬁcient to cancel any backlash in the motorized stage (stage backlash is < 6µm). Also,
additional backlash correction to X = 1 is done after acquiring every X line when the
target is moved back to its X = 0 starting position.4.4. A THZ MICROSCOPE 185
Figure 4.52. – 7 acquisitions completed; Target position: X = 7 / Y = 1; Relative
movement: X = 56µm / Y = 8µm; Total number of pixels imaged:
7 · 16 cells = 112
Figure 4.53. – 19 acquisitions completed; Target position: X = 7 / Y = 2; Relative
movement: X = 56µm / Y = 16µm; Total number of pixels imaged:
19 · 16 cells = 304
Figure 4.54. – 79 acquisitions completed; Target position: X = 7 / Y = 6; Relative
movement: X = 56µm / Y = 48µm; Total number of pixels imaged:
79 · 16 cells = 12644.4. A THZ MICROSCOPE 186
Apertures signals acquisition
The QMC photodetector output is acquired by the National Instruments PXI-5922 high
speed, high resolution data acquisition card. A FFT of the QMC output is done for every
single acquisition. This frequency spectrum contains the 16 modulation peaks, and the
magnitude of a particular peak (optical signal transmitted through the corresponding
sub-wavelength aperture) is extracted by recording the highest value within a frequency
band ∆f preset for that modulation peak. Figure 4.56 explains the frequency “ﬁltering13”
for peak magnitude acquisition.
Figure 4.55. – Output frequency spectrum is “ﬁltered” (or rather frequencies not per-
taining to a preset frequency band of a particular modulation peak are
rejected). A given frequency band is usually narrow – 2∆f ¬ 60−100Hz
– to reject harmonics and intermodulation products.
In this example, the magnitude of f2 is read out from the fCut-On = f2 − ∆f to
fCut-Off = f2 + ∆f frequency band. In the experiment, the modulation frequencies were
assigned to values between 5kHz − 10kHz. A dedicated MatLab script was written to
calculate the modulation frequencies which values would not overlap (to within ∆f =
50Hz) with any third and ﬁfth order intermodulation products14.
13This is not frequency ﬁltering per se, but rather post-FFT, digital frequency discrimination/rejection
performed on the computed spectrum.
14The frequency discrimination is therefore used for preventing any intermodulation products from being
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As shown for f4, occasionally however the frequency discrimination was realized with
fCut-On or fCut-Off set close (< 5Hz) to the modulation peak’s nominal frequency. There-
fore, the stability of a peak frequency is absolutely crucial during the entire image scan.
While the image is acquired, every modulation peak must remain within its assigned
(and ﬁxed in software) ±∆f frequency span.
The magnitudes of modulation peaks are stored into an output data ﬁle, appending
the absolute target position for which the particular acquisition takes place. Additionally,
the reference laser power for every acquisition is recorded.
Some suggestions on improving the current image acquisition technique are given in
the summary chapter.
Image processing
The ﬁnal THz transmission image is composed in a separate MatLab application using
the LabView output ﬁle (raw pixel ﬁle). The image processing in MatLab involves scal-
ing each individual pixel cell (144 pixels) to 8 bit intensity image15 and artiﬁcial color
mapping. The cell scaling is explained in the following ﬁgure.
Figure 4.56. – THz image individual cell scaling; Acquired signal X is scaled to 8bit
useable intensity range, where: “MAX” – maximum signal strength for
the given cell (unshielded modulator); “MIN” – background signal or self-
emission peak for the given cell (shielded modulator); In the drawing,
actual self-emission peak is seen for “MIN (Laser-Off)”.
15Optionally 16 bit, although the DAQ card ENOB ≈ 14.2.4.4. A THZ MICROSCOPE 188
4.57.(a) Color map: Gray 4.57.(b) Color map: Jet
Figure 4.57. – THz transmission test images. There are sixteen pixel cells, each with
intensity levels increasing progressively from 0 to 255, in every image.
Before proper target imaging takes place, the microscope is calibrated by acquir-
ing two reference ﬁles: maximum possible (Laser ON; full transmission) and absolute
minimum (Laser OFF or modulator apertures completely shielded with a metal screen)
transmission levels. As seen in ﬁgure 4.56, self-emission is an occasional problem in the
THz microscope operation, and if present is taken into account thanks to the minimum
reference ﬁle.
For each individual THz image cell (corresponding to one sub-wavelength aperture;
one modulation frequency), the transmission values X are scaled proportionally to the
“MAX” and “MIN” calibration ﬁles. Note that transmission values for each cell are scaled
separately depending on the cell’s individual “MAX” and “MIN” reference levels. There-
fore all the cells in the ﬁnal THz transmission image are guaranteed to have intensity
levels between 0 and 255.
Figures 4.57(a) and 4.57(b) present two test images – with Gray and Jet color map-
ping, respectively – generated using the MatLab image processing script.4.4. A THZ MICROSCOPE 189
Target alignment
As discussed in chapter 3, for the φ = 15µm modulator version, near-ﬁeld imaging re-
quires a target to be located no farther than zMod-Target ¬ 15µm from the modulator
face. Precise alignment of a moving target constitutes a critical aspect of the microscope
operation.
Several approaches were proposed and tested for target alignment. Finding a working
solution was complicated by the lack of suitable high-precision stages or angular mounts
that could be used for target micrometer scale X/Y manipulation. Additionally, in the
current setup, no means of zMod-Target measurements are available.
The sub-wavelength THz transmission image, presented at the end of this section,
was obtained thanks to the simple, but effective concept of target self-alignment. In this
approach, a target (pre-aligned against the modulator plane) is suspended on a semi-
ﬂexible mount. Drawing 4.58 presents the target holder design, which proved successful
in the experiment.
Figure 4.58. – Target holder used for imaging by target self-alignment. The Si target is
glued to the target mount, which itself connects to the main holder body
via two ﬂexible joints.
When the target is brought in contact with the modulator face, and only a small
amount of force is applied, the Si rectangle aligns itself against the modulator face. In a
properly aligned setup, scanning takes place for zMod-Target = 0 and is possible taking the
advantage of small friction between the modulator’s Aluminium surface and Chromium
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face while moved in horizontal and vertical directions.
A properly aligned Si target prepared for imaging is shown in photo 4.59.
Figure 4.59. – Silicon target (black rectangle) properly aligned against the THz modu-
lator surface (white oval area). In this arrangement, the plastic holder
(white triangle) is held with a pair of tweezers mounted on the motor
stage.
This solution should be treated as a temporary one, and the issue must be addressed
in the improved THz microscope constructions.
It was discovered, that the Silicon edges can easily cut into the modulator metal sur-
face. This situation was observed when moving the target down vertically, often leading
to a speciﬁc target displacement. An example of such a situation, when a target cut into
the modulator surface and is misaligned along its vertical axis due to the force applied by
the motor stage, is seen in ﬁgure 4.60. A microscope photo of the characteristic damage
to the modulator metal surface is seen in ﬁgure 4.61. Note that the width of the damage
along the modulator’s vertical axis is precisely 8µm – a single scanning step. Apparently,
the modulator metallization is too soft, as conﬁrmed by the extent of the damage caused
by the target to the modulator surface seen in ﬁgure 4.62. It takes only 20 consecutive
image scans to observe characteristic horizontal lines of multiple bruises/cuts left by the
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Figure 4.60. – Vertical target misalignment due to high friction (Silicon cutting into the
modulator metal)
Figure 4.61. – Characteristics bruises/cuts in the modulator’s front face.4.4. A THZ MICROSCOPE 192
Figure 4.62. – From the top, frames: 1) New modulator face; 2) Modulator face after 16
image scans; 3) Modulator face after 20 image scans4.4. A THZ MICROSCOPE 193
4.4.3 Sub-wavelength transmission images with THz spatial modulators
Figures 4.64 and 4.65 present THz transmission images acquired with the microscope at
λ = 118µm. The target’s pattern dimensions are given in the following ﬁgure.
Figure 4.63. – THz target used for imaging; Rectangular shapes are Cr metallization;
Less successful THz images obtained with the Microscope are shown in appendix G.4.4. A THZ MICROSCOPE 194
4.64.(a) Target photo
4.64.(b) THz transmission image
Figure 4.64. – Microscope photo of the target pattern, and target’s THz transmission
image at λ = 118µm; Color Map: Gray;4.4. A THZ MICROSCOPE 195
4.65.(a) Target photo
4.65.(b) THz transmission image
Figure 4.65. – Microscope photo of the target pattern, and target’s THz transmission
image at λ = 118µm; Color Map: Jet;4.5. THZ MODULATOR OPTOELECTRONIC CHARACTERIZATION – SUMMARY 196
4.5 THz modulator optoelectronic characterization – Summary
THz modulator frequency response
The results of the frequency characterization presented in section 4.2 are very encour-
aging. The device is – or rather was in 2008 – clearly capable of modulating MWIR
and LWIR radiation for modulation frequencies exceeding f  100kHz. The modula-
tion was achieved taking the advantage of the free-carrier absorption only, and as seen
in graphs given in section 4.2.2, in 2008 the amplitude modulation depth for LWIR
regime was very large.
For the initial frequency tests carried out in 2008, the modulator’s frequency response
(both phase and depth of modulation) was ﬂat up to 100kHz. In 2008, no signiﬁcant
phase shift was observed in the modulation signal across that frequency range. That ob-
servation was a good conﬁrmation that the modulator’s f3dB frequency was much greater
than 100kHz. As already mentioned in preceding sections, the upper frequency for those
measurements, f = 100kHz, was limited by the PSD frequency response, only. The at-
tenuation value was stable within the entire frequency range with a slight downward
tendency for frequencies above 60−70kHz. That slight dip in the modulator’s AM char-
acteristic was not related to the electric current source frequency performance since its
upper frequency was f3dB = 540kHz for the total current of IT = 28mA. The frequency
response of the AC current source used in the tests in 2008 is given in appendix D. In
later tests, the AC current source was modiﬁed by incorporating a ﬁbre link connection
to isolate the reference signal for the PSD, thus eliminating electronic ground loops. As
seen from ﬁgure 4.13, ground loops were common in the 2008 CO2 setup. The magni-
tude of the electronic pick up (presumably, caused by some “ground loop” potentials) is
seen in that ﬁgure as a steady rise of the background “IR-OFF” signal which is increasing
with the modulation frequency. Also, the frequency response of that modiﬁed AC source
was extended to 800kHz. A digital, programmable, multiple channel electronic driver
was also designed for the modulator. This device, is described in chapter 6.
A greatly deteriorated frequency performance was revealed in 2010 when the same
modulators used for tests 2008, were once again examined using the CO2 setup. Despite
the fact that the modulators were still, to a lesser extent, capable of amplitude modula-
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This was also conﬁrmed by the dramatic relative phase shift of the modulated optical sig-
nal occurring for frequencies above f  60kHz. In addition to that, the recent frequency
response tests carried out at λ ≈ 118µm using the THz setup show that in Q4-2010 the
frequency response of the THz modulator was only f3dB < 9kHz. The following table
was prepared to show how the frequency response deteriorated between early 2008 and
late 2010.
Date Q1-2008 Q1-2010 Q4-2010
Mod. Pixels 1 1 4
Modulator 15µm 15µm 15µm
f3dB  100kHz ≈ 20kHz < 9kHz
Table 4.1. – Frequency response comparison
Graphs 4.66 and 4.67 show a comparison between the 2008 and 2010 frequency
response characteristics for LWIR modulation. Graph 4.66 gives a good overview of
the striking decrease in maximum frequency response of the modulators that occurred
between 2008 and 2010. As seen from graph 4.67 no dramatic phase shift was observed
for relative phase signals for the modulators examined in 2008.
The discovery of the deteriorated frequency response is particularly worrying since,
as stated earlier, the same THz modulator chips were used in the 2008 tests. That makes
the comparison between the 2008 and 2010 results even more meaningful leading to a
conclusion that the modulators mysteriously “died” over the course of roughly two years,
between 2008 and 2010. This issue was addressed in chapter 5.
Depth of modulation
As proved experimentally, the modulator is capable of amplitude modulating the THz
radiation as well as MWIR and LWIR infrared bands.
The depth of modulation for MWIR and LWIR was measured using modulators
prepared for the cross-talk tests, described later in the summary. Those modulators had
15 out of its 16 pixels shielded with metal foil, thus proved perfect for single pixel AM
characterization. Figures 4.7 and 4.8 present the dependence of the depth of amplitude
modulation on a single diode current for the 10µm and 15µm modulators at λ = 3.39µm.
The corresponding characteristics at λ ≈ 10µm acquired in 2010 are presented in ﬁgures
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Figure 4.66. – Frequency response characterization – comparison between 2008 and
2010, graphs taken at λ ≈ 10µm
Figure 4.67. – Frequency response characterization – comparison between 2008 and
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Before the modulators were characterized using the THz setup, the results of the
initial (2008) depth of modulation measurements for MWIR were used to calculate
the expected depth of modulation for the THz radiation. This was done by virtue of
Free Carrier Absorption explained by the Drude-Zener theory covered in section 2.5.5,
chapter 2. It is known that ∆m is proportional to the transmitted beam intensity via
relations 2.9 and C.1 (appendix C). Using equations 2.12/2.13 we can derive a line
integrated n,p carrier concentration corresponding to the observed depth of modulation
at λ = 3.39µm. This carrier concentration is then used to calculate αFCA at 118µm using
equation 2.12/2.13. The results16 are presented in ﬁgure 4.68.
Figure 4.68. – Calculated depth of modulation as a function of λ
Even for very low diode current (or low injection rates), the amplitude modulation
related to the free carrier absorption is expected to reach ∆m ≈ 100% for λ  80µm. As
seen in the graph, the depth of modulation would likely exceed ∆m ≈ 90% at λ = 118µm
for just ID = 3mA. That magnitude of depth of modulation, even disregarding plasma
reﬂection edge screening, is perfectly sufﬁcient for amplitude modulation within THz
regime.
The expected amplitude modulation characteristic as a function of electric current is
plotted for various wavelengths in ﬁgure 4.69.
16The calculations were done for R = 0. According to [151], standard Silicon sample should have R ≈ 0.24.5. THZ MODULATOR OPTOELECTRONIC CHARACTERIZATION – SUMMARY 200
Figure 4.69. – Calculated depth of modulation as a function of diode current. The
MWIR and LWIR measurements are marked on the graph to show
the validity and accuracy of the calculations.
The MWIR measurements were used to calculate the expected LWIR modulation
ﬁgures. These calculated LWIR modulation ﬁgures are compared in the graph with the
measured LWIR data. In a similar manner, the LWIR experimental data were used
to calculate the expected MWIR amplitude modulation. As seen in 4.69, in both cases
the calculated modulation characteristics are in good agreement with the corresponding
measurement data. This “cross-comparison” conﬁrms that the calculations are correct
and can be used to accurately translate the results of the MWIR and LWIR tests into
the THz regime.
The following table summarizes the depth of modulation results. Note that the AM
values for λ = 10µm are given for the Q1-2010 measurement series, while the THz
ﬁgures were acquired in Q4-2010.
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λ
Id [mA] 3.39µm 10µm 118µm
1 0.02 0.16 1.96
Depth of 2 0.06 0.34 4.24
Modulation [%] 3 0.12 0.68 6.13
4 0.13 1.00 7.15
Table 4.2. – Depth of modulation. The λ = 10µm values were acquired in Q1-2010.
Unfortunately, the depth of modulation measured at λ = 118µm is much weaker
than the calculated values. This is clearly seen if graphs 4.68 or 4.69 are compared to
the experimentally acquired ﬁgure 4.25, given on page 162. Even more worrying is the
fact that the values of the THz depth of modulation, measured in Q4-2010, are consid-
erably lower than the depth of modulation observed at λ = 10µm in early 2008. Note
the difference in modulation values as seen in ﬁgures 4.15 (LWIR in 2008) and 4.25
(THz in 2010). The latter observation is completely inconsistent with the Drude-Zener
theory – stronger free carrier absorption cannot be observed at shorter wavelengths. It is
therefore obvious, that in addition to the deteriorated frequency response, the amplitude
modulation capability weakened between early 2008 and late 2010.
Pixel-to-pixel electronic crosstalk characterization
The pixel-to-pixel cross-talk tests consisted of two measurement series carried out in
2008 and 2010. In the ﬁrst series of tests, the cross-talk was characterized for MWIR
and LWIR radiation, whereas in the 2010 test series, the cross-talk measurements were
repeated for LWIR radiation only. All the modulators tested in early 2008 and 2010
were assembled in November 2007 and March 2008. Therefore, the comparison in the
crosstalk magnitudes between 2008 and 2010 is possible.
As discussed in section 4.2.4, for the given pixel spacing and expected, theoretical dif-
fusion length, a strong interference signal was expected to be observed. On the contrary,
the results for the 10µm modulator did not reveal any repeatable cross-talk interference
between the neighboring pixels for MWIR . Figure 4.35 presents a “cross-talk” inter-
ference map. The saturation of red color marks the magnitude of the cross-talk. As can
be seen from ﬁgures 4.33 and 4.35 the 10µm chip modulator, for MWIR , revealed
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noticeable interference was introduced by just two pixels — numbered: 10 and 12. The
magnitude of those cross-talk signals does not change with pixel spacing. At the same
time, no signiﬁcant cross-talk interference from the remaining six pixels was observed.
In contrast to the 10µm modulator, however, strong pixel-to-pixel cross-talk interference
was measured for the 15µm modulator, as seen in ﬁgure 4.34. Those results were repeat-
able and in agreement with the expected behavior. On the basis of graph 4.36 it is easy
to understand that – as logically expected – the pixels that contributed the most to the
pixel-to-pixel interference were those positioned closest to the target (unshielded) pixel.
Photo number 4.70 shows the actual topology of the THz modulator array. Distances
between the adjacent pixels are given for clariﬁcation.
Figure 4.70. – Pixel spacing
In nearly all of the cases, the most contributing pixels are those which are positioned
at the right angles of the target pixel – within the 100µm distance from the target pixel.
This observation is consistent with all the later cross-talk experiments, including cross-
talk measurements performed in 2010 for LWIR . The 2010 series of tests ultimately
conﬁrms that observation as seen in cross-talk “maps” given in graphs 4.41 and 4.42.
Graph 4.71 was compiled on the basis of the 2008 and 2010 measurements to show
the relative strength of the cross-talk magnitude as a function of target pixel to adjacent
pixel spacing. As seen in ﬁgure 4.71, the strength of the cross-talk is clearly dependent
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Figure 4.71. – Cross-Talk interference magnitude decay with distance
proﬁle exponential.
A very worrying observation regards the comparison between the 2008 and 2010
measurement results: even though the amplitude modulation values of the target (un-
shielded) pixels are comparable for 2008 and 2010, the magnitude of the crosstalk sig-
nals of the corresponding, adjacent pixels are considerably lower in 2010 when com-
pared with the 2008 data. The following table presents the comparison between the
cross-talk magnitudes in 2008 and 2010.
Distance [µm] Q1-2008 Q1-2010
100 1.5% 0.2%
Cross-talk 150 1% 0.3%
magnitude [%] 200 0.5% 0.03%
225 0.6% 0.02%
Table 4.3. – Cross-talk magnitude decay with length
A dramatic decrease in the crosstalk amplitude is observed for the pixel-to-pixel spac-
ing of just 100µm. For the pixels positioned at a distance of  200µm from the target
pixel, the crosstalk signal, as measured in 2010, is lower by more than an order of mag-
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Two exponential decay proﬁles were plotted in graph 4.71 to better illustrate the
observed change between the 2008 and 2010 cross-talk magnitudes. The proﬁles ﬁt the
2008 and 2010 data for the LD = 100µm and LD = 50µm diffusion lengths, respec-
tively. As shown in section 4.2.4, the expected diffusion length for carriers (holes) in
Silicon should be in excess of ≈ 460µm. This value, although only a rough estimate, was
calculated assuming carrier hole lifetime on the order of τp ≈ 100µs and therefore can
be considered as realistic. It is therefore surprising to see that the calculated proﬁles ﬁt
the experimental data only for LD  100µm.
Even though this simple, qualitative comparison cannot serve for estimating LD =
50µm accurately, it is obvious that the diffusion length for carriers must have decreased
substantially between 2008 and 2010.
Sub-wavelength imaging with THz modulators
Multiple pixel acquisition in sub-wavelength THz imaging is possible with the modu-
lators. The near-ﬁeld THz transmission image, shown in ﬁgure 4.64/4.65, acquired at
λ ≈ 118µm with λ
4 resolution, ultimately proves the THz spatial modulator concept.
Solving the issue of proper target alignment, discussed in section 4.4.2, was the great-
est challenge in the microscope design. In fact, noticeable misalignment of the target can
be observed in the successful THz transmission image: this is manifested by a slightly
lower contrast in the target transmission observed in the left side of the image (note the
top-left pixel cell in ﬁgure 4.65).
Closing remarks
During the tests it was discovered that the amplitude modulation frequency response
of the modulators decreased over the course of the last three years. While in 2008 the
modulators were capable of AM modulation at frequencies larger than f  100kHz, in
late 2010 the upper modulation frequency did not exceed ≈ 15kHz with an estimated
f3dB ≈ 9kHz. Aside from the reduction in the operating frequency, the 2010 pixel-to-
pixel crosstalk interference had decreased markedly when compared with the 2008 data.
As discussed in chapter 5, the modulator chips delivered by INNOS are suffering
from an on-going “aging” process that was initially revealed by the deteriorating I − V
characteristics of the devices. On the basis of some relevant computer simulations and4.5. THZ MODULATOR OPTOELECTRONIC CHARACTERIZATION – SUMMARY 205
additional experimental work, it was discovered and proved in mid-2010, that the carrier
lifetime for the THz modulators was in fact much lower than expected. As explained in
chapter 5, the diffusion length, LD, of the carriers is in fact in the orders of tens, but not
hundreds of micrometers as was thought earlier. Short diffusion length clearly explains
lower than expected depth of modulation for the THz regime, weakened pixel-to-pixel
cross-talk interference and, as explained in chapter 5, contributes to the deteriorated
frequency response.
From the calculations presented in section 4.5, it is clear that, for a fully functional
device, the depth of amplitude modulation in the THz regime will be much stronger than
experimentally observed.4.5. THZ MODULATOR OPTOELECTRONIC CHARACTERIZATION – SUMMARY 206Chapter 5
Electronic characterization of the
THz modulators
“Life is pleasant. Death is peaceful.
It’s the transition that’s troublesome...”
Isaac Asimov, 1920-1992
5.1 Introduction
In this chapter, the electronic properties of the THz modulator structure are researched.
Also, the deterioration in frequency and amplitude modulation performance of the mod-
ulators will be investigated. An additional goal of this research is to build a functional
computer model of the THz modulator that would, to the greatest possible degree, re-
ﬂect the actual physical structure of a THz modulator chip. The computer model will be
simulated in the ATLAS FEM software package provided by SILVACO. Once such a com-
puter model is optimized, this can be used for carrier analysis. Therefore, all the relevant
experimental data collected in the preparations of this chapter will be used to bring the
FEM model as close as possible to the real THz modulator.5.1. INTRODUCTION 208
First, however, the physics behind the operation of a P-i-N junction under forward
bias conditions is brieﬂy explained in the following section.5.2. P-I-N DIODE UNDER FORWARD BIAS 209
5.2 P-i-N diode under forward bias
The following section is based on the work of Roulston, as presented in [181]. The
description of a P-i-N diode operation under forward bias by Ghandi, [182], is also dis-
cussed later in this chapter. We ﬁrst examine the work of Ghandi.
5.2.1 Theory of a Forward-Biased P-i-N junction by Roulston
The main assumption behind Roulston’s theory is that a P-i-N diode is actually a P+NN+
structure operating under high injection1 conditions, [181]. The physics presented in
[181] concerns a P+NN+ structure, but Roulston observes that for large forward bias,
the behaviour of P+NN+ and P+PN+ diodes is the same. Under low forward bias, the
operation of a P-i-N device will always revert to that of P+NN+ or P+PN+ , while the
background doping level of the i-layer will determine the shape of the I −V characteris-
tic, [181]. Thus, the physics presented by Roulston can be used to correctly describe the
operation of a THz modulator pixel (P+PN+ structure, as explained in section 2.5.6,
chapter 2) working under large forward bias.
A P-i-N diode (forward-biased P+NN+ ) can be divided into a forward biased P+N
and forward biased NN+ junctions. Roulston argues that injection will now occur equally
on both sides of the N region (i-region). In order to properly analyze the behavior of a
P+NN+ junction the relations describing currents crossing the two separate junctions
are needed. Figure 5.1 adopted from [181] shows the diagram of carrier concentration
distribution within a P+NN+ structure under large forward bias. As clearly seen in the
graph, Roulston considers the i-region to be either ND or NA – this further conﬁrms that
under large forward bias, his theory is perfectly valid for P+NN+ as well as P+PN+
structures.
1The meaning of high injection for a semiconductor diode is explained later.5.2. P-I-N DIODE UNDER FORWARD BIAS 210
Figure 5.1. – Carrier concentration distribution within a P+NN+ structure for high
level injection (thus, p0 = n0 within the i-region), ﬁgure adopted from
[181]
where:
N+
A,N+
D – background doping levels for the P+ and N+ regions;
wi – i-region/N+ region interface (while: Wi – i-region width);
NA, ND – acceptor and donor concentrations (in this case, of the i-region);
n(x), p(x) – minority carrier concentrations;5.2. P-I-N DIODE UNDER FORWARD BIAS 211
P+N junction operation
A brief review of a P+N narrow base junction operating under normal injection level
condition is given in this section.
Figure 5.2. – Carrier concentration distribution within a P+N structure, ﬁgure adopted
from [181]
Figure 5.2 presents the carrier concentration distribution under low level injection
conditions. We see that p(0)  ND and this is typically referred to as low level injection.
According to [181], the ratio of the hole drift current to the hole diffusion current is:
rdd =
Jp−drift
Jp−diﬀusion
(5.1)
rdd =
p(x)
ND + p(x)
(5.2)
Under low level injection, the drift current is negligible. The magnitude of hole cur-
rent ﬂowing due to the gradient is therefore:
Jp = q · Dp ·
pn(0) − pn0
Wn
(5.3)
From the above, considering the cross-sectional area (A) of the diode, the magnitude
of hole current crossing the junction as a function of applied voltage is calculated. This5.2. P-I-N DIODE UNDER FORWARD BIAS 212
is given by the equation 5.4.
Ip =
q · Dp · A
Wn
·

exp

Va
Vt

− 1

(5.4)
where:
Va – applied bias (in this case, forward bias);
Vt – thermal potential;
A – diode’s cross sectional area;
Dp – hole diffusion coefﬁcient;
q – elementary charge;
Wn – N-region width;
The above equation is valid only under low level injection. If the forward bias is large
enough such that p(x)  ND the diode is considered to be operating under high level
injection. Figure 5.2 presents a P+N diode operating under high level injection. the hole
concentration is now dramatically increased, signiﬁcantly above the background doping
level ND. additionally, since the electron concentration n(x) is now much greater that
the background doping level over most of the N region2 the conductivity of this region
is increased. The region is now conductivity-modulated. Roulston states that the terms:
conductivity modulation and high level injection are often used interchangeably3.
For a P+N diode operating under high level injection the total junction voltage Vjt
can now be split into two components:
Vjt = Vbi − Vaj (5.5)
where:
Vaj – value of the applied bias voltage Va which appears across the depletion
layer4.
2According [181], this is so in order to maintain charge neutrality.
3When describing different devices according to [181]
4According to Roulston, part of Va is now lost as a potential drop in the neutral N region, as well5.2. P-I-N DIODE UNDER FORWARD BIAS 213
The formula covering the concentration of holes within the N junction region is given
by equation 5.6.
pn(0) = pn0 · exp

Vaj
Vt

(5.6)
where:
pn(0) – hole concentration at the depletion layer width interface;
pn0 – hole concentration within the N region for thermal equilibrium;
Roulston argues that under high level injection, the total voltage drop in the neutral
N region of the diode is no longer negligible. This voltage drop can be evaluated under
the assumption that the total current for a P+N diode is predominantly hole current.
The neutral N region drop is therefore given as:
Van = Vt · ln

pn(0)
ND

(5.7)
Combining the above equations 5.5, 5.6 and 5.7 gives:
Va = Van + Vaj (5.8)
va = Vt ·

ln

pn(0)
ND

+ ln

pn(0)
pn0

(5.9)
For pn0 =
n2
i
ND the above equation sums up to:
Va = 2 · Vt · ln

pn(0)
pn0

(5.10)
From this it is obvious that for a P+N junction the injected carrier concentration is now:
pn(0) = nn(0) = ni · exp

Va
2 · Vt

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According to Roulston, there are two important facts resulting from the above analy-
sis:
– The i-region background doping is overwhelmed by the now much higher injected
free carrier concentration5.
– the exponential law changes from 1
Vt to 1
2·Vt
The change in the exponential law directly inﬂuences the diode’s I−V characteristic.
This can be seen in ﬁgure 5.3 adopted from [181].
Figure 5.3. – I − V characteristics of P+N diode showing low level injection regions,
adopted from [181]
The high level injection part of the I − V characteristic is given by equation 5.13.
I =
2 · q · A · Dp · ni
Wn
· exp

Va
2 · Vt

(5.12)
I = IOH · exp

Va
2 · Vt

(5.13)
This mechanism of operation is typical for nearly6 all PN junctions operating under
high level injection.
5Roulston explains that in narrow base diode, such as P
+N , the lightly doped N region can be compared
to the base region of a transistor.
6Roulston does not explain what he means by “nearly”...5.2. P-I-N DIODE UNDER FORWARD BIAS 215
NN+ junction operation
Figure 5.4 presents a free carrier distribution within a semiconductor structure formed
by the following layers: a moderately doped Nepi region and a heavily doped N+ region.
Both the regions are doped as N type. This structure is often termed: low-high junction.
Figure 5.4. – Impurity proﬁle and minority carrier distribution in the NN+ junction.
The hole concentration distribution is shown for both thermal and equilib-
rium and nonthermal equilibrium conditions, adopted from [181]
The Boltzmann equations may be used directly to deduce the variation of potential
and carrier concentration across the low-high junction. In the case of a NN+ junction,
the majority carriers are electrons. Using the majority carrier concentration and equating
it to the doping level gives an expression for the total voltage across the junction7 which
under thermal equilibrium is given by equation 5.14.
7Roulston refers to it as “low-high” voltage, Vlh.5.2. P-I-N DIODE UNDER FORWARD BIAS 216
Vlh = Vt · ln
 
N+
D
Nepi
!
(5.14)
where:
Nepi – carrier concentration in a moderately doped region;
N+
D – carrier concentration in a highly doped region;
It is understood that, [181]:
p(W+)
p(W−)
=
Nepi
N+
D
(5.15)
which suggests that Vlh is dependent on the N region carrier concentration. It is also
clear from the proportion, that Vlh is related to the width of the neutral N region.
The I − V performance of a NN+ junction behavior for a non-thermal equilibrium
can be explained knowing that any excess minority carriers at the position W− will be
reduced8 by a factor
Nepi
N+
D
by the time they have traveled to the position W+. In other
words, the minority carrier current at x = W− will be the same as the minority carrier
current at x = W+. This phenomenon is often explained by the existence of a “retard-
ing ﬁeld” presented by the increase in majority carrier concentration, [181]. The hole
current is reduced from the value it would have in the absence of the built-in retarding
ﬁeld. This built-in ﬁeld acts against minority carrier current ﬂow and this additional po-
tential created on the NN+ interface contributes to the total P+NN+ /P+PN+ diode
potential. This Vlh potential constitutes an additional 0.7V voltage drop.
The P-i-N diode
The P-i-N diode voltage performance will be discussed in this section in greater detail.
From the above analysis, it is understood that a proper P-i-N diode can be regarded as
a P+NN+ or P+PN+ structure operating under high injection condition. As already
mentioned on page 209, any signiﬁcant differences in I − V performance between a
P+NN+ and P+PN+ device are observed only under low bias, [181]. Under high level
injection, the total voltage drop of a P-i-N diode (P+NN+ under large forward bias)
is dependent on the voltage drop of a P+N and NN+ diodes (both operating under
forward biased).
8Roulston argues that this decrease is not related to loss by recombination.5.2. P-I-N DIODE UNDER FORWARD BIAS 217
For the P+N part operating under high level injection, the carrier concentrations
are much greater than the background doping level, [181]. It is important to stress that
under high level injection p(x) = n(x) for charge neutrality. Roulston explains that for
a P-i-N diode for which the I region thickness Wi is shorter than the carriers diffusion
length Ld, the I region is ﬂooded with additional carriers. The P+N junction is providing
extra carriers (holes) being injected into the I region – common for both junctions. If
now the relationship for total voltage across the NN+ (or I −N) junction is applied, the
following is observed:
Vlh = Vt · ln
"
N+
eff
n(Wi)
#
(5.16)
Vlh = Vt · ln

p(Wi)
p(W+)

(5.17)
Vlh depends on the carrier concentration in the neutral I region, which is subse-
quently dependent on the I region width, Wi. Additional assumption introduced at this
point to simplify9 the analysis says that there is zero electron current at the P+I junction
and zero hole current at the IN+ junction.
As mentioned in the preceding sections, the applied voltage Va splits equally between
the two junctions P+N and NN+ . From the above expression 5.17 for the low-high
junction voltage, it is now obvious that:
Vlh = Vt · ln
"
N+
eff
n(Wi)
#
(5.18)
This voltage is made up of the difference between the ﬁxed built-in barrier voltage
Vt · ln
h
N+
eff/ni
i
and half of the applied voltage Va/2. This is given as, [181]:
Vt · ln
"
N+
eff
n(Wi)
#
= Vt · ln
"
N+
eff
ni
#
−
Va
2
(5.19)
from this the formula for the injected carrier concentration as a function of applied
9This assumption is justiﬁed by the fact that under large forward bias the electron and hole currents
are negligible for the P
+I and IN
+ junctions, respectively. While Roulston indicates that this condition
can easily be violated, such a violation would result in greater total current but would not contradict the
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bias voltage is obtained and covered by the equation 5.20.
n(Wi) = ni · exp

Va
2 · Vt

(5.20)
Since, for high level injection, n(x) = p(x) for all x in the center I layer, it follows
that this is also the value for p(Wi), n(0), p(0).
The ﬁnal I − V characteristic for this P-i-N diode is:
I =
2 · q · A · niWi
τ
· exp

Va
2 · Vt
− 1

(5.21)
where:
τ - carrier life time; and the term −1 is introduced to satisfy the necessary condi-
tion that zero current ﬂows when the applied voltage is zero.
According to [181], the P-i-N device will always revert to the P+NN+ characteristics
at low forward bias and the background doping level Nepi will then determine the I −V
characteristic.
5.2.2 Theory of a Forward-Biased P-i-N junction by Ghandi
In this section the P-i-N junction theory presented by Sorab K. Ghandi in [182] is re-
viewed. According to [182], the total applied voltage is given by:
VA = VL + VM + VR (5.22)
where:
VL – voltage drops across the left junction of the device;
VR – voltage drops across the right junction of the device;
In [182] the discussion of the P-i-N junction voltage characteristic is limited to a
short explanation that: Typically, the sum of these two voltage is approximately equal to
that for two forward-biased diodes.. Incidentally, a very similar claim is made by Roulston,
as already discussed. The discussion of the P-i-N diode I − V performance provided by
Ghandi was based on a series of articles by Seok Cheow Choo, [183], in which some
numerical solutions describing the theory of a forward-biased diffused junction are given.5.2. P-I-N DIODE UNDER FORWARD BIAS 219
Figure 5.5 presents a calculated I−V characteristic of a P-i-N diode. The calculations
were done using formula 5.23, adopted from [182, 183].
I =
2 · q · Da · ni
Wi
· F

Wi
LD

· e(q·Va/2·k·T) (5.23)
where:
F

Wi
LD

=

Wi
LD
· tgh

Wi
LD

·

1 − B2 · tgh4

Wi
LD
−1/2
· e(−q·Vm/2·k·T) (5.24)
while the variables are deﬁned as:
q – elementary charge [C];
Da – ambipolar diffusion coefﬁcient [cm2/s];
ni – i-region intrinsic carrier concentration [1/cm3];
B =
µn−µp
µn+µp – for Silicon B = 0.5, [182];
V a – applied voltage;
Vm = 3
2 · k·T
q ·

Wi
LD
2
– voltage drop across the i-region, valid for LD  Wi;
Figure 5.5. – I − V characteristic of a P+NN+ diode calculated using MatLab package5.2. P-I-N DIODE UNDER FORWARD BIAS 220
5.2.3 Summary and discussion
Important assumptions made by Roulston in [181] regarding the P+NN+ diode analysis
are:
– P-i-N diode is a P+NN+ diode operating under high injection conditions;
P+NN+ diode can be split between two junctions P+N and NN+ ;
– – the above junctions can be analyzed separately;
– we assume equal injection on both sides of the i-region;
– current crossing the P+N junction is entirely hole current, electron current for this
junction is negligible;
– for the P+N junction the minority carrier (hole) current within the N region of the
junction can be neglected;
– current crossing the NN+ junction is entirely electron current, hole current for this
junction is negligible;
– the effect of recombination on the P+N junction performance is neglected in the
calculations.
– the effect of the electric charge Q stored within the I region is neglected.
The above assumptions were collected from [181], but similar claims were also made
in [182] by Ghandi.
Under large forward bias the total junction voltage of a P-i-N diode splits between
two junctions P+N and NN+ . The I − V characteristics of those can be analyzed
separately as given in [181]. The P+N junction operating under high injection condition
is providing extra carriers (holes, as the P+N junction current is predominantly hole
current) being injected into the junction’s N region. If the carrier diffusion length LD is
much larger than the N region thickness, the carriers are spread uniformly across this
region. For a P+NN+ structure, those extra carriers, spread across the neutral N (I)
region, will modify the I − V characteristic of the NN+ junction.5.2. P-I-N DIODE UNDER FORWARD BIAS 221
Roulston argues that the low-high potential of the NN+ junction is no longer con-
stant but will now depend on the carrier concentration in the neutral N (I) region10.
Consequently, under large forward bias this additional potential results in Vjt ≈ 1.4V
observed for P-i-N diodes.
The following sections aim at conﬁrming the theoretical predictions and examining
the I − V performance of the THz modulators experimentally.
10Alternatively, if the carrier concentration (holes) within the I region falls below the background doping
level of the N
+ region the Vlh value becomes negligible. This can happen either due to the low-level injection
of hole or if the I region is not long enough to store the sufﬁcient number of carriers.5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 223
5.3 Electronic characterization of the THz modulators perfor-
mance
In the following sections, the data collected during electronic tests of the THz modulators
are presented. The tests consisted in acquiring the I−V as well as C−V characteristics of
the modulators. Additionally, AC current characterization of the modulator performance
was carried out.
As will be shown, the modulators suffered from a long time scale degradation process.
For this reason the dates of measurements will be provided to demonstrate the gradual
change in the modulators’ I − V characteristics.
5.3.1 Initial I-V and C-V characteristics
The current-voltage and capacitance-voltage measurements were among the ﬁrst tests
performed to verify the modulator’s operation. First I − V tests were carried out shortly
after the modulators delivery by INNOS in June 2007. The electronic characterization of
the THz chip device began with the current-voltage and capacitance-voltage (carried out
for f = 1MHz) measurements.
Graphs 5.6(b) and 5.6(a) were acquired in June 2007 and depict Id = f(V ) and Cd =
f(V ) characteristics of the then newly delivered modulators. The characteristics were
acquired for a 5µm version of a THz modulator assembled at INNOS in mid 2007. The
most important observation relates to the fact that in June 2007 the modulator junction
voltage, deﬁned for Id = 0.5mA, was still within the region of Vjt ≈ 1.65V − 1.75V .5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 224
5.6.(a) Capacitance-Voltage 5.6.(b) Current-Voltage
Figure 5.6. – The selected diode’s characteristics
In June 2007 all of the THz modulators exhibited the same C −V and I −V charac-
teristics with respect to the current and voltage values.
5.3.2 Estimation of carrier lifetime — ramp recovery method
The ramp recovery technique for carrier lifetime measurement in P-i-N diode structures
was used in order to estimate the carrier lifetime in the THz modulators. The technique
consists in ﬂowing a triangular current waveform through a P-i-N diode, [184, 185]. The
waveform is illustrated in ﬁgure 5.7, while the setup used in the measurements in ﬁgure
5.8.
Figure 5.7. – Ramp recovery waveform5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 225
Figure 5.8. – Ramp recovery setup – in the tests, signal generator was used for driving
the diode under tests.
It is seen in graph 5.7 that a steady state forward current If ﬂows at t < 0. Current
ramp begins at t = 0 when the source is being ramped down. The ramp rate is deter-
mined by the reverse bias and the inductance in series with the diode, [184]. At time
t = T1, the current reaches a maximum negative value. Before this point, the carrier con-
centration at the P+N junction has decreased to zero and the junction begins to block
voltage as the depletion region widens, [3, 184]. During the time period TB, the remain-
ing charge in the intrinsic region is removed by both back-injection and recombination
processes. Recovery ends at t = T2, when all of the charge has been removed. The ratio
of TB to TA is the softness or snappiness factor S. According to [184], a good switching
rectiﬁer should have a large S, to ensure that a large change in the current being ﬂown
dI/dT during TB will not occur, and so excess inductive voltage spikes are avoided.
In order to obtain τ, the method requires a triangular current waveform between
t = T0 and t = T2, [184]. To achieve this, the measurement setup consisted of a signal
generator (output: triangular waveform), whereas other research groups used complex
electronic devices for generating such waveforms, or built dedicated ramp recovery me-
ters, [184, 185].
The equation governing the charge Q stored in the region 0 < t < T1 is:
dQ(t)
dt
+
Q(t)
τ
= I (t) = If − a · t (5.25)
where: a – is the current ramp rate, given in
h
A
s
i
, as marked in ﬁgure 5.8.
The solution of 5.25 is:
dQ(t) = a · τ ·

T0 + τ − t − τ · exp

−
t
τ

(5.26)
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For T1 < t < T2, the current begins to rise with positive slope a/S due to the voltage
across the P-i-N diode, [184]. The device current I(t) in equation 5.25 can be substituted
with:
I(t) = −a · TA +
a
S
· (t − T1) (5.27)
The solution to the differential equation for the stored charge during TB can be found
subject to the fact that all of the stored charge is removed by time T2, the end of the
recovery process, Q(T2) = 0, [184]:
Q(t) =
a · τ
S
·

(t − T1 − τ) − S · TA + τ · exp

T2 − t
τ

(5.28)
The above equations 5.26 and 5.28 can be equated for t = T1 to ﬁnd an implicit expres-
sion for the lifetime τ:
exp

TB
τ

= 1 + S − S · exp

−T1
τ

(5.29)
Figure 5.9. – Calculated relationship between τ, TRR, T0 and S. τ can be read from
these curves after measuring the other three parameters. Figure adopted
from [184]
This equation is used in practical calculations, and was used in calculations for the
measurements for assessing τ. In [184], the authors show that τ can be read out from
a graph representing TRR
τ plotted as a function of S and the ratio T0
TRR. Such a plotted
curve is shown in ﬁgure 5.9. A similar set of curves can be calculated using MatLab5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 227
package. This curve, or rather series of curves with varying S, is used to determine the
lifetime with the parameters T0,TRR and S read from the reverse recovery wavefrom. The
complete explanation of the ramp recovery method for carrier lifetime measurements can
be found in [184, 185].
THz modulator measurements using Ramp Recovery
Figure 5.10 shows the ramp recovery technique. As stated above, the current ramp recov-
ery measurement begins with the decreasing generator voltage. In the graph, the falling
and rising portions of the recovery dip are ﬁtted with two green, dashed lines. This is to
extrapolate the recovery dip slopes and correctly measure the relevant time periods.
Figure 5.10. – Ramp recovery technique
Below the examples of some measurements carried out on Germanium LWIR modu-
lator, commercially available P-i-N diode and ﬁnally the THz modulator are shown. The
ﬁrst two devices were used for setup calibration. The results of the measurements are
given at the end of this section.5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 228
Germanium LWIR modulator
Figure 5.11 presents the ramp recovery technique being used to assess the carrier lifetime
τ of a Germanium modulator.
Figure 5.11. – Ramp recovery technique performed for an infrared Ge Modulator mod-
ulator
P-i-N photodetector diode
The measured device is a commercially available P-i-N photodetector diode – SFH203P,
[186]. The measured recovery dip is shown in ﬁgure 5.12.
THz modulator – Assembled in June 2007
Graph 5.13 presents the ramp recovery characteristic of a THz modulator assembled in
June 2007 by Dr. Carsten Gollasch. The expected ramp recovery dip is missing from
the characteristic. An attempt to assess τ for this modulator was made at the end of
this section. Figure 5.14 presents the modulator’s I − V characteristic measured shortly
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Figure 5.12. – Ramp recovery technique performed for a commercially available P-i-N
photodetector
Figure 5.13. – Ramp recovery technique for a modulator assembled in June 20075.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 230
Figure 5.14. – I − V characteristic for a modulator assembled in June 2007
THz modulator – Assembled in March 2008
In this section, the results of the ramp recovery measurements for a batch of the THz
modulators assembled in late March 2008 are presented. All of the modulators tested
show similar results.
Figure 5.15. – Ramp Recovery for modulators assembled in March 20085.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 231
Figure 5.16. – I − V characteristic for modulators assembled in March 2008
Results and discussion
The carrier lifetime values were calculated using the graph method described at the end
of section 5.3.2. Table 5.3.2 shows the relevant time periods read out from the measured
characteristics and calculated carrier lifetimes.
Diode Frequency [Hz] Calculated lifetime [µs]
Ge-Mod 685 443
SFH203P 620 24
THz-Mod1 836 198
THz-Mod4 500 189
The calculated carrier lifetime for the commercially available SFH203P P-i-N pho-
todetector diode is τ = 24µs.
The measured carrier lifetime for a LWIR Germanium modulator structure is τ ≈
440µs, which is consistent with the Germanium modulator design speciﬁcation, [187].
The validity of τ ramp recovery measurements for the THz modulators cannot be
assured. This is because no clear ramp recovery dip was observed in the measured char-
acteristics. This is obvious if one compares ﬁgure 5.15 showing the ramp recovery for
a THz modulator chip with the Germanium modulator ramp recovery characteristic in
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Dhariwal et Al. in [185], discuss the practical limitations of the ramp recovery tech-
nique used in these experiments. The authors point to the fact that in practice ﬁtting the
recovery waveform with a triangle may not always be possible, as is the case here. More
importantly, this simpliﬁed version of the ramp recovery method requires the ramp time
T1 to be T1  τ. This condition is not met for any of the THz modulator measurements
as clearly seen in ﬁgures 5.13 and 5.15. It is obvious from the graphs that the ramp is
very quick. Very short T1 is suggestive of insufﬁcient charge in the intrinsic region of the
P-i-N diode, most likely related to low injection efﬁciency. At the time of the experiment,
the excessive THz modulator series resistance was thought to be the main cause of the
measurement difﬁculties.
Considering the above, the THz modulator carrier lifetimes measured in this experi-
ment will be treated as approximate values only. The carrier lifetimes for the THz modu-
lator chips assembled in March 2008 are τ ≈ 190 − 199µs. For the diffusion constant for
Silicon equal Dn = 36cm2
s for Nd = 1014 1
cm3, we calculate the diffusion lengths for the
two measured THz modulators: Ld1 = 844µm and Ld4 = 826µm.
The discussion of the signiﬁcance of carrier lifetimes and diffusion lengths is provided
in the summary of this chapter. Also, the deteriorated performance of the THz modula-
tors, observed initially in the form of increasing series resistance, will be thoroughly
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5.17.(a) I-V characteristic for the 15µm modulator ver-
sion
5.17.(b) I-V characteristic for the 10µm modulator ver-
sion
Figure 5.17. – I-V characteristics
5.3.3 I-V characeteristics — the mystery of “the dying modulators”
The following section presents the most worrying ﬁndings regarding the modulator elec-
trical performance. The results of the initial I − V measurements, carried out with Dr.
Carsten Gollasch in June 2007 on the ﬁrst batch of the assembled THz modulators, and
also the on-going monitoring of the I − V performance of the THz modulators will now
be discussed.
Graphs number 5.17(a) and 5.17(b) present the I-V characteristic of the THz mod-
ulators with φ = 15µm and φ = 10µm aperture diameters, respectively. In the graphs
a dramatic change in Vjt that occurred between 06.2007 and 04.2008 (less than 10
months!) is seen.
Graph number 5.18 presents the updated I-V diode characteristic measurements.
Once the increase in Vjt was observed, a new batch of modulators was prepared in
early March 2008. That batch of the modulator chips was extracted from the second sil-
icon wafer provided by INNOS11. The new THz modulators were assembled following
exactly the same scheme as the one set by Dr. Gollasch: the chips were rinsed in solvents,
purged in N2 ﬂux, to be ﬁnally glued onto an IC frame. Subsequently, those devices were
kept at 110oC for 10 minutes to speed up the glue solidiﬁcation and assure good electric
conductivity.
11A total of seven Si wafers were delivered by INNOS5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 234
Figure 5.18. – I-V characteristic for the 15µm modulator assembled in early 20085.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 235
As measured immediately after the assembly, the Vjt potential of the modulators
assembled in early 2008 was already above 4V (sic!), as shown in ﬁgure 5.18. It was
therefore obvious that the Vjt increase was not associated with the assembly process or
related to any mistakes in assembly, but rather caused by another process.
Graph 5.19 presents a compilation of I − V characteristics for a 5µm modulator
assembled in June 2007 by INNOS. In the graph, the I − V characteristics collected
between June 2007 and ending of this PhD project are compiled. It is clearly seen how
the Vjt potential evolved over that time span.
Figure 5.19. – I − V characteristics compilation since June 2007 for a 5µm modulator.
The modulator was assembled by INNOS.
An analysis of all of the graphs presented immediately reveals a disturbing tendency:
for all of the structures analyzed the threshold voltage rose by almost 50% within the
ﬁrst six months after the modulator delivery. Chart 5.20 was plotted in early 2008 and
presents some of the initial ﬁndings in a more concise way — the voltage values represent
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Figure 5.20. – The junction voltage rise over time
This degradation with time is seen to be a bit stronger for the 10µm modulators.
The decay process is non-linear, characterized by faster increase in the Vjt for the ﬁrst six
months, followed by a slower increase starting from December 2007. Graph 5.21 updates
graph 5.20 and was compiled on the basis of the I−V measurements presented in graph
5.19.
Figure 5.21. – Vjt potential for 5µm modulator assembled in June 2007 by INNOS.
Currently, the dramatic increase in the Vjt values is understood to be primarily, but
possibly not only, related to the adhesion quality of the modulator’s N+ metallization5.3. ELECTRONIC CHARACTERIZATION OF THE THZ MODULATORS PERFORMANCE 237
5.22.(a) Front side peeling off – June 2007 5.22.(b) Front side peeling off - December 2007
Figure 5.22. – Front screen peeling off
layer12 (common ground). The problem of the N+ screen metallization stripping off was
initially spotted by Dr Carsten Gollasch in June 2007 while preparing the ﬁrst batch of
the modulators. At that point, the peeling process was weak and the screen appearance
showed no signs of any serious ﬂaws. Photo number 5.22(a) presents the metallization
peeling off as seen on the chip edge in mid-June 2007.
Photo 5.22(b) is an another dreadful picture of the modulator N+ screen taken by the
author in early December 2007. Here, the metal layer is seen having peeled off entirely
from the silicon structure and sitting on the plastic supportive ﬁlm utilized when sawing
the Silicon wafers. A photo of the exposed N+ contacts is included in the sub-window. In
contrast to the N+ metallization, the adhesion of the top metal layer, P+ side, is strong,
and no peeling or deterioration in the metal screen quality have been observed to date.
Figure J.1 to J.3 given in appendix J present scans of the N+ metallization leftovers
as examined using two different contact proﬁlometres. Two things are interesting to
note from the scans: 1) the metallization thickness is well in excess of 800nm, and 2) as
seen from ﬁgures J.2 and J.3 surprisingly the centre of the modulator pixel is positioned
around 200nm below the level of silicon oxide covering the Si wafer.
12The deteriorating condition of the N
+ metallization was manifested in the considerable series resistance
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5.4 Investigation of the modulator’s aging process
In this section the results of the investigation of the possible causes of the THz modula-
tor aging process are presented. It is clear from the preceding section that the “aging”
process is not related to the assembly process of the modulators, and was observed for
the modulator chips extracted from two separate Si wafers delivered by INNOS.
5.4.1 Scanning Electron Microscopy and Energy Dispersive X-ray
Energy dispersive X-ray (EDX) spectroscopy combined with scanning electron microscopy
were employed to examine the stripped off N+ metal contacts. Figure H.1 shows a SEM
image of an N+ metal contact of a 5µm modulator. The metal ring seen in the SEM
scan in ﬁgure H.1 is in fact metal deposited on the Si wafer that was left once the metal
screen peeled off completely. In other words, this is the remaining metallization covering
the N+ doped region.
Figure 5.23. – SEM photo of a 5µm modulator N+ contact
Figure 5.24 presents the results of EDX spectroscopy carried out for the metal contact
and bare silicon area around the N+ ring. The aim of this test was to establish the
composition of the N+ metal contact.More spectral scans of the N+ contacts taken using
the EDX instrumentation are shown in appendix H.5.4. INVESTIGATION OF THE MODULATOR’S AGING PROCESS 240
Figure 5.24. – SEM-EDX composition measurements for the N+ modulator side.
The primary element used for forming the contacts, as revealed by EDX, is Aluminum.
Second element composing N+ contacts is Titanium. Additionally, small traces of Silver
(Ag) were observed even though no Silver was used in the technological process. Any
occurrence of silver would likely result in signiﬁcant reduction of the minority carrier
lifetime.
Only small areas of metallization were observed under a SEM, while the EDX scans
revealed negligible traces of Silver. The issue of carrier lifetime and potential accidental
doping of the THz modulator structure with metal ions (such as Copper, Gold or Silver)
will be addressed in the summary of this chapter.5.4. INVESTIGATION OF THE MODULATOR’S AGING PROCESS 241
5.25.(a) THz modulator – 5µm 5.25.(b) THz modulator – 10µm
Figure 5.25. – I − V characteristics for bare modulators. Contacts to N+ pads made
using point-probes.
5.4.2 I − V measurements of “Bare” modulators
In order to verify whether the massive increase in Vjt can be attributed to the condition
of N+ metallization, a series of I − V tests was carried out on “bare” THz modulators.
The aforementioned modulator chips had their N+ metallization layer stripped off with
the only metallization being the annular rings resting on top of the N+ doped regions.
An example of a modulator chip with its N+ metallization removed, but with an N+
region metal ring intact was already shown in photo H.1. The I −V characteristics were
acquired by making direct contact to the metal rings using a needle probe station. The
results for a 5µm as well as 10µm modulator chips are shown in ﬁgure 5.25.
It is clear from the ﬁgure, that the Vjt potential of “bare” modulators is signiﬁcantly
lower than that for the THz modulators for which the I−V measurements were made by
making contact to the N+ metallization layer. More importantly the junction potential of
“bare” modulators is very close to the initial value of Vjt of THz modulators as measured
shortly after their assembly in June 2007. It is therefore obvious, that the deteriorating
state of the N+ metallization screen has negatively inﬂuenced the I − V characteristic
of the THz modulators. This conclusion as well as the observed I − V characteristic for
“bare” modulators will be taken into consideration when FEM modeling of the THz
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5.4.3 Transient characterization of the THz modulator performance
As demonstrated in chapter 4, recent optoelectronic characterization of the THz modula-
tors, carried out for LWIR radiation using CO2 laser, revealed that the modulators are
incapable of amplitude modulation for the modulation frequency of above f ≈ 40kHz.
That observation is particularly worrying since the very same modulator chips used for
the tests in early 2008 clearly did show the amplitude modulation capability of the CO2
laser radiation for modulation frequencies well above f > 100kHz. Following the con-
clusions presented in section 5.3.3 it is obvious that the modulators’ optoelectronic per-
formance – the frequency response in particular – has deteriorated considerably between
January 2008 and March 2010.
This section aims at explaining the cause of the deteriorating optoelectronic and
frequency performance of the THz modulators. The investigation consisted in examining
the transient voltage waveforms of the modulator diodes.
5.4.4 Initial voltage spike at turn-on
A transient voltage waveform across a THz modulator diode was acquired using a simple
current source consisting of a lab-bench frequency generator and various series resistors.
The output frequency was also changed in the tests. The test circuit is shown in ﬁgure
5.26.
Figure 5.26. – Circuit for AC transient tests of the THz modulator.5.4. INVESTIGATION OF THE MODULATOR’S AGING PROCESS 243
5.27.(a) fmod = 1kHz 5.27.(b) fmod = 10kHz
Figure 5.27. – Transient characteristics for f = 1kHz and 10kHz
5.28.(a) fmod = 50kHz 5.28.(b) fmod = 100kHz
Figure 5.28. – Transient characteristics for f = 50kHz and 100kHz
As seen in ﬁgures 5.27(a) to 5.28(b) transient AC measurements immediately re-
vealed a characteristic voltage overshot occurring at start of turn-on. Almost no forward
current ﬂows through the THz modulator chip (P+NN+ diode) for f > 50kHz. Also, as
noted during the measurements, the turn-on voltage spike can already be seen for fre-
quencies as low as ≈ 5kHz. The magnitude of the initial voltage spike, Vi, as a function
of increasing frequency for a given forward current (ﬁxed VGen) was plotted in ﬁgure
5.29.
The voltage spike magnitude – voltage surge on turn-on is essentially a parasitic phe-
nomenon not related directly to AC signal; it is voltage added to the turn-on junction
potential – exceeds 3.5V for fMod around ≈ 44kHz. Unfortunately, almost identical re-
sults are observed for all the THz modulator chips assembled and tested to date. These
facts are in-line with the experimentally observed weak optoelectronic performance of5.4. INVESTIGATION OF THE MODULATOR’S AGING PROCESS 244
Figure 5.29. – Initial voltage Vi spike magnitude as a function of AC signal frequency.
The values were measured for Rs = 820Ω series resistor.
the modulators for frequencies fmod above 40kHz.
Once the turn-on voltage spike was observed, its possible causes were investigated.
Several voltage and current related instabilities that can lead to voltage spikes on
turn-on are described in [182], section 3.4 of the publication. Those instabilities involve
formation of mesoplasmas within the P+N and NN+ junctions and also formation of a
localized region with large current density. After a brief analysis, none of those phenom-
ena, however, could be linked to the observed voltage spike.
The correct explanation of the origin of the observed voltage surge was found in
[181, 182]. For a given diode current, IF, the initial voltage drop is observed across the
center I region of a P-i-N diode, [181]. This voltage is the product of IF and the I layer
large resistance at start of turn-on. The I region of the P+NN+ structure (P-i-N diode
operating under low level injection conditions) is highly resistive for the time between
t = 0 and t < tc. The latter parameter, tc, is the carrier diffusion transit time for the I
region of length Wn of the P-i-N diode, [181]. If the carrier lifetime τ  tc, the layer’s
resistance decreases over time due to conductivity modulation as the I layer charge
builds up. The decrease in the I region resistance consequently lowers Vi. Additional
measurement was carried out to better illustrate this effect. In ﬁgure 5.30 presents the
AC voltage waveforms captured for a square wave voltage. As seen in ﬁgure, for fmod =5.4. INVESTIGATION OF THE MODULATOR’S AGING PROCESS 245
5kHz the initial voltage spike disappears13 after approximately tc ≈ 5µs. Additional
explanation of this phenomenon can also be found in [188].
Figure 5.30. – AC P-i-N diode voltage measured for square wave voltage
As we learn from [181], the amplitude of Vi, for t = 0, is given by the following
equation:
Vi = Vt ·

p(0,t)
ND

·
"
Wn
Lp
#2
(5.30)
where:
Vt – thermal voltage, Vt = 25.85mV
p(0,t) – hole concentration, carrier concentration as a function of time,
h
1
cm3
i
ND – hole concentration,
h
1
cm3
i
Lp – diffusion length for holes,
Wn – i-region width,
It is obvious from equation 5.30 that Vi is dependent on the carrier lifetime τ via
its relation with Lp. Short carrier lifetime, such that Wn  Lp, results in very large Vi,
as observed for fmod > 50kHz. Roulston in [181] explains that if the I layer thickness is
larger than ﬁve diffusion lengths, a P-i-N diode starts behaving like two diodes connected
in series. In such a scenario, the I region acts as a series resistor. This consequently leads
to poor forward I − V characteristics.
13Presumably when the I region is ﬂooded with energy carriers and its resistance decreases, thus lowering
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For the injection lasting beyond t > tc, and for the constant forward current of IF,
the center layer charge builds up steadily decreasing the I region resistance, [181]. For
modulation frequencies for which the injection time is t < tc, not enough carriers are
injected into the I region.
The degradation in the frequency performance of the THz modulators, documented
between January 2008 and March 2010, is most likely attributed to a substantial de-
crease in the carrier lifetime. As will be shown in section 5.6, this conclusion is further
reinforced by the ﬁndings of the THz modulator computer modeling.5.5. DEPTH OF IMPLANTATION OF N+ AND P+ CONTACTS 247
5.5 Depth of implantation of N+ and P+ contacts
While researching the modulator aging process, the fabrication scheme employed by
INNOS was examined in greater detail. The investigation was focused on studying the
fabrication process chart documented by INNOS and obtained by courtesy of Dr. Mir
Mokhtari, [189]. The goal of this investigation, carried out mainly by Dr. Zakaria Mok-
tadir, was to look for any additional clues that could throw some light on any potential
causes behind the aging process. At this stage, a very important detail of the fabrication
process regarding the ion implantation of N+ region was spotted by Dr. Moktadir. It was
realized that the implantation of the N+ regions had been carried out using Arsenic (As)
implant with ion energies of only 40keV , [189]. The implantation of N+ regions was
carried out after Silicon oxide passivation, that formed 40nm thick SiO2 . The tolerance
for the oxidization process was estimated by INNOS to be ±5nm, thus allowing the oxide
layer thickness to vary between 35nm − 45nm.
As qualitatively pointed out by Dr. Moktadir, the arsenic ions accelerated and im-
planted at 40keV energy would result in insufﬁcient depth of the doping proﬁle. As will
be quantitatively demonstrated below, for the implantation settings used by INNOS, the
position of the peak concentration of the N+ doping proﬁle would be located within the
oxide layer. Therefore, the implantation most likely resulted in a very shallow doping
proﬁle with much lower N+ peak concentration than was intended.
The following two graphs present the results of simulations of depth of penetration
for various dopants in Silicon. These simulations were carried out to verify what depth of
implantation and effective proﬁle could be achieved using INNOS erroneous implanta-
tion settings. TRIM/SRIM software package was used to simulate the expected location
of the N+ doping proﬁle, [190]. TRIM (Transport of Ions in Matter) enables the simu-
lations of depth of penetration of ions in matter. In this case, we modeled the expected
doping proﬁle formed by 40keV Arsenic ions. Figure 5.31 presents the expected doping
proﬁle resulting from the N+ implantation. The location of the peak concentration point
is marked relative to the SiO2 layer.
It is clearly seen in graph 5.31 that even for the best possible case scenario – when
the oxide thickness would be only ≈ 35nm – 40keV Arsenic ions would not have the
sufﬁcient kinetic energy to penetrate deep enough into Silicon. Most of the dopant is5.5. DEPTH OF IMPLANTATION OF N+ AND P+ CONTACTS 248
Figure 5.31. – N+ doping proﬁle for the NN+ junction. The proﬁles were simulated for
E = 40keV and two SiO2 thicknesses, as marked on the graph.
wasted in the oxide layer. The NN+ junction of THz modulators is virtually non-existent.
Figure 5.32. – Various doping proﬁles for P+ and N+ regions. Simulations for the max-
imum oxide thickness. The P+ proﬁle, implanted with Boron, is shown
here just for the reference purposes.
As an addition to the above simulation, more TRIM simulations were carried out
this time however for the actual P+ dopant (Boron) used by INNOS, and also for an
alternative N+ dopant (Phosphorous). The former simulation was carried to examine
the state of the P+ region, while the latter was done to ﬁnd out whether application of
Phosphorous (P) for N+ implantation would result in a potentially better NN+ junction5.5. DEPTH OF IMPLANTATION OF N+ AND P+ CONTACTS 249
proﬁle. Figure 5.32 shows the simulated P+ and N+ doping proﬁles. It is clear from ﬁg-
ure 5.32 that if the ion energies cannot be increased to achieve deeper implantation, the
application of Phosphorous (P) as an alternative N+ dopant would lead to better NN+
doping proﬁle. Additionally, it is obvious that for the given implantation parameters the
P+ proﬁle was formed properly.
The black lines outlining the doping proﬁles are plotted gaussian functions covered
by equation 5.31, where a,b and c parameters were found by gaussian curve ﬁtting the
TRIM doping proﬁles using CurveFit program.
f(x) = a · e
−
(x−b)2
2·c2 (5.31)
These values will be used when deﬁning ATLAS computer model of the THz modulator
structure, and will be treated as initial, starting point settings for ATLAS simulations.5.6. FEM SIMULATIONS 251
5.6 FEM simulations
The results of the experimental work carried out on the THz modulators, as presented in
the preceding sections, will now be used to build a computer model of a THz modulator
semiconductor structure.
5.6.1 Building a functional model – ATLAS
The main tool used in simulating the THz semiconductor structure is ATLAS — the ﬁnite
element method program by SILVACO Inc. ATLAS is a modular, physically-based and
extensible FEM Linux semiconductor device simulator that allows one, two and three
dimensional simulations of semiconductor structures, [191]. The electrical performance
of a device can be modeled in DC, AC as well as transient modes of operation. ATLAS
allows insight into the device’s internal physical mechanisms of operation. The latter is
particularly useful to of this project.
The scheme of the simulation is as follows: selected model parameters, as listed on
page 5.6.2, are tuned such that the results of the simulations match the measured mod-
ulator characteristics. ATLAS does not permit any simulations involving optoelectronic
characterization of the semiconductor structure, therefore the model will be optimized
by comparing a simulated I − V characteristic to the actual I − V characteristics of real
modulators. Tuning the computer model against the measured I −V characteristics is in
fact the only way of assuring that the ATLAS simulation represents the real (measured)
modulator14. For a relatively simple semiconductor structure such as a P+NN+ diode,
current-voltage plot is however the best and most comprehensive characteristic that can
be used for an overall device characterization. The latter is true, however, only when the
modulators used for the experimental tests function properly. Once the simulated I − V
curve resembles the real I − V plot the validity of the model is conﬁrmed, provided the
model parameters are within reasonable limits. Once the best ﬁt is found, additional in-
formation relating for example to carrier concentration for a forward biased diode (pixel)
can be extracted. The simulated carrier-current characteristic can be compared with the
carrier concentration values calculated earlier on the basis of the amplitude modulation
optoelectronic tests. If the characteristics are in line, the computer model is ultimately
14Additionally, the C − V characteristic can be used for measurements-model comparison.5.6. FEM SIMULATIONS 252
validated.
Figure 5.33 presents the basic scheme of the simulations and cross-comparison with
the previously calculated concentration values.
Figure 5.33. – Simulation scheme – the results of the simulations will be compared with
the calculated carrier concentration values
Summing up: the scheme of the ATLAS simulations consists in building a functional
computer model on the basis of the measured I − V characteristics and then comparing
the simulated carrier concentration with the carrier concentration ﬁgures calculated on
the basis of the amplitude modulation measurements.
Currently, it is understood that the seriously deteriorated modulators’ I − V charac-
teristics are attributed to the condition of the N+ metallization layer. When simulating
a semiconductor modulator structure it is necessary to compare the simulation results
to proper I − V characteristics. A series of additional I − V measurements on a specif-
ically prepared batch of THz modulators was carried out; results given in section 5.4.2.
The modulators were prepared such that their N+ metallization layer was stripped off
leaving only bare metal contacts. As shown in ﬁgures 5.25(a) and 5.25(b) on page 241,
the I − V characteristics of such prepared modulator chips are radically better than the
I−V plots of the modulators with N+ metallization. More importantly, the I−V charac-
teristics of the modulators with the metallization stripped off closely ﬁt the initial I − V
characteristics of the THz modulators delivered in June 200715. Graph 5.25(a) will be
used for reference in the simulations.
15Graphs 5.25(a) and 5.25(b) can be compared with graph 5.6(b) on page 224 – the latter being, the
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SRIM/TRIM simulations were used when deﬁning the proﬁles of P+ and N+ doping
regions in ATLAS. Thanks to that, the most realistic doping proﬁles for P+ and N+
regions were coded for simulation.
5.6.2 Simulating THz modulators in ATLAS
Figure 5.34 presents the complete ﬂow of simulations carried out to ﬁnd the best set of
model parameters, while the parameters and simulation settings considered or altered
in the process are listed below:
– structure simulated in cylindrical co-ordinate system;
– I − V simulated by applying contact bias or forcing contact current;
– mesh automated re-griding on doping proﬁles vs. manual griding;
– rectangular vs. gaussian doping proﬁles;
– various doping concentrations and proﬁle doping ranges;
– surface recombination velocity and SHR recombination;
– distributed contact resistance;
– contacts shifted with regard to doping regions (contact misalignment);
– carrier lifetime;
Cylindrical co-ordinate system – often used in ATLAS for modeling power devices –
is used for the simulations since it has two fundamental beneﬁts: simpliﬁed simulation
allowing denser mesh to be coded; the calculated current is in Amps rather than in Amps
per micron (current is therefore conveniently integrated over the device area). Chart 5.34
was composed to present the ﬂow of simulations. The number of iterations (optimization
steps) are also given in the chart.
5.6.3 Results of the simulations
In this subsection, the most interesting simulation results are presented. As discussed in
due course, some of the simulation results are shown here only as an example of the po-
tential impact those factors may have on the operation of a THz modulator. These factors5.6. FEM SIMULATIONS 254
Figure 5.34. – ATLAS simulation ﬂow5.6. FEM SIMULATIONS 255
were not considered in the ﬁnal THz modulator ATLAS ﬁle, while the most prominent
ﬁndings of the simulations are discussed in the summary for this section.
Unless stated otherwise, the carrier lifetime in the following simulations was set to
τn,p ≈ 1ms, a value achievable for the ultra high purity wafers used for fabrication. The
latter value was taken after the carrier lifetime ramp recovery measurements, presented
in section 5.3.2.
Distributed contact resistance — model I − V char. optimization
Figure 5.35. – Impact of the distributed contact resistance on the modulator I −V char-
acteristic. Actual I − V characteristic shown for reference.
The potential inﬂuence of distributed contact resistance as well as lumped contact
resistance were investigated in a separate set of the simulations. As seen in the above
graph, even small increase in contact series resistance results in considerable decrease
of diode current. It is clear from the graph that, as logically expected, the contact series
resistance does not inﬂuence the P-i-N diode threshold voltage (deﬁned for:Id = 1mA).
In order to simplify the simulations while focusing on the more important factors, such as
doping proﬁle and carrier lifetime, the distributed contact resistance will not be included
into the ﬁnal model.5.6. FEM SIMULATIONS 256
Electrode misalignment — model I − V char. optimization
Figure 5.36. – Electrode misalignment with regard to the doping areas and its inﬂuence
on the modulator I − V characteristic.
As seen in ﬁgure 5.36, any potential electrode misalignment will have a very detri-
mental effect on the modulator’s I−V characteristic. It is interesting to note that particu-
larly dramatic deterioration in I −V occurs in case of an electrode extending beyond the
width of the doping area and covering part of the intrinsic semiconductor. Less signiﬁ-
cant, but still noticeable deterioration in I−V is observed for a matched, but shorter elec-
trode. The electrode misalignment will not be considered in the ﬁnal ATLAS simulation
scheme for the following reason: although microscope observations revealed misaligned
contacts in some of the modulator chips, the I−V characteristics of those modulators do
not differ from the I − V plots of the properly fabricated THz modulators. More impor-
tantly, the initial I − V characteristics showed no signs of worsened I − V performance
– as explained earlier, the electronic characteristics deteriorated in time, which logically
excludes the electrode misalignment as the main cause. Thus, experimental I − V tests
show that P+ contact misalignment does not lead to any signiﬁcant distortion of real
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Doping proﬁles — model I − V char. optimization
Figure 5.37. – Impact of various doping proﬁles on I −V characteristic of the simulated
THz modulator.
Finding appropriate doping parameters for P+ and N+ regions was the crucial aim
of the simulations. The parameters for the best ﬁt are presented in the above graph.
Additional comments on the issue of doping proﬁles are given on page 259 and in the
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Carrier lifetime — model I − V char. optimization
Figure 5.38. – Carrier lifetime for holes and electrons alterations. I −V dependence on
the carrier lifetimes.
As seen from graph 5.38, carrier lifetime is seen to greatly inﬂuence the shape of
the modulator’s I − V characteristic. It is very important to realize, that the best match
between the actual, measured I − V characteristic and the simulated one is found for
τ signiﬁcantly lower than expected from ramp recovery measurement. The simulations
show that the best match is achieved for τn,p ≈ 150ns, not τn,p ≈ 1ms as was previously
thought. As will be discussed in the chapter summary, the carrier lifetime can change with
time. The latter fact is particularly important since the device optoelectronic operation
depends on carrier diffusion length, which in turn is the function of τ. The importance
of carrier lifetime and diffusion length was discussed in chapter 2.5.6. FEM SIMULATIONS 259
Veriﬁcation of the results — doping and carrier lifetime mix
Figure 5.39. – Doping proﬁles and carrier lifetime simulation mix – the following graph
was composed to verify whether and to what extent doping proﬁles and
carrier lifetime parameters inﬂuence the modulator’s I−V characteristic.
Figure 5.39 represents the ﬁnal series of simulations carried out for three different
values of the carrier lifetime. The goal of this simulation mix was to verify which of
the two sets of parameters considered as most important – carrier lifetime or doping
proﬁle peak concentrations – has a greater inﬂuence on the I − V characteristic of the
simulated THz structure. For each of the three values of the carrier lifetime, six sepa-
rate simulations were performed for the modiﬁed doping proﬁles. As seen in the graph,
the simulations conﬁrm decisively that the carrier lifetime has a far greater impact on
the I − V characteristic than even potentially signiﬁcant alterations in the doping con-
centrations. Moreover, the impact of the carrier lifetime is particularly critical since, as
will be shown later, carrier lifetime can shorten considerably over time rendering the
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Carrier density and concentration simulations for the ﬁnal model
Figure 5.40 presents the integrated carrier concentration as a function of total diode
current. Large carrier concentration/density is particularly important for the device op-
toelectronic performance: single pixel amplitude modulation capability relies on free
carrier absorption, and thus is directly proportional to the injected carrier concentration.
The graph was composed by integrating the carrier concentration values over the en-
tire depth of the device (set by the distance between N+ and P+ electrodes), while the
cut-line was positioned in the centre of the modulator’s pixel.
Figure 5.40. – Carrier area density as a function of P-i-N structure current. The carrier
concentration values were integrated over the entire depth of the device
(distance between the P+ and N+ electrodes), with the cut-line posi-
tioned in the very centre of the modulator’s pixel.
Additional two graphs present hole and electron concentration proﬁle along the struc-
ture Y dimension, both graphs are plotted for Id = 10mA.5.6. FEM SIMULATIONS 261
Figure 5.41. – Electron concentration distribution; vertical proﬁle.
Figure 5.42. – Hole concentration distribution; vertical proﬁle.5.6. FEM SIMULATIONS 262
Final structure
Figure 5.43 presents a simpliﬁed drawing of the ATLAS simulated THz modulator in its
ﬁnal form. Table 5.6.3 compares the ﬁnal and expected model values. The doping proﬁles
parameters are given for bulk Silicon (excluding the semiconductor oxide thickness). The
ATLAS ﬁle for the ﬁnal THz modulator structure is given in appendix I.
Figure 5.43. – THz modulator — simulated structure
Parameter Value Expected
Gaussian proﬁle P+ peak concentration 5 · 1019 1
cm3 8 · 1018 1
cm3
Gaussian proﬁle depth location of the P+ doping 100nm ≈ 125nm
Principal characteristic length of the P+ implant 100nm ≈ 200nm
Gaussian proﬁle N+ peak concentration 1 · 1020 1
cm3 3 · 1019 1
cm3
Gaussian proﬁle depth location of the N+ doping 30nm In SiO2
Principal characteristic length of the N+ implant 15nm ≈ 50nm
i-region background concentration, P 2 · 1014 1
cm3 2 · 1014 1
cm3
Carrier lifetime, τn,p 125 − 150ns ≈ 1ms5.6. FEM SIMULATIONS 263
5.6.4 Summary and discussion — FEM simulations
A functional computer model of the THz modulator was built in ATLAS simulation pro-
gram. The modulator’s semiconductor structure was recreated on the basis of the IN-
NOS fabrication chart provided by Dr. Mir Mokhtari, [189]. Additionally, the fabrication
data served for estimating the expected doping proﬁle of the N+ and P+ regions. Since
dopants were implanted, the shape of the N+ /P+ proﬁles were recreated using SRIM
software, as already discussed in section 5.5. Apart from modeling the device’s structure
with rectangular (uniform) doping proﬁles, the initial ATLAS simulations also involved
verifying to what extent the electric characteristics of the simulated device were affected
by a 45nm thick SiO2 oxide layer, which was erroneously formed by INNOS before the
proper N+ implantation step took place. In that simulation, the modulator structure was
modeled for the N+ doping proﬁle with its peak concentration located within the ox-
ide layer. Contrary to the initial assumptions, the results of those simulations showed
that even for the potentially badly implemented N+ proﬁles, for which most of the N+
dopant would be contained within the oxide layer, the device’s I−V characteristic would
not be signiﬁcantly affected. Following that conclusion, the consecutive simulations were
carried out for N+ doping peaks located also within the bulk Silicon — adding therefore
additional simulation scenario for better structure optimization. Also, similar simulations
carried out for the P+ region conﬁrmed that its doping concentration and proﬁle have a
much greater impact on the I −V characteristics of the modulator than those of the N+
region.
Concerning the ﬁnal optimized ATLAS ﬁle, it is interesting to note that the best match
between the simulated and measured values was found for the N+ peak concentration
located within the bulk Silicon. This particular observation raises a question whether and
to what extent the N+ doping region implantation was in fact affected by the existence
of the silicon oxide layer. Therefore, this result would suggest that, contrary to the SRIM
data, a proper N+ doping proﬁle could have been formed. Also, the impact of the peak
doping concentrations was proved to be insigniﬁcant on the I−V device’s current-voltage
characteristics. This is seen in ﬁgure 5.39.5.6. FEM SIMULATIONS 264
Distributed contact resistance and lumped resistance affect current values, but not the
diode voltage drop – thus, these two factors were removed from the simulation scheme
to simplify the model. The latter was done to eliminate additional and unnecessary sim-
ulation variables prior to examining the impact of carrier lifetime and doping proﬁles on
the modulator electric performance.
The most important ﬁnding of the FEM simulations was that concerning the mi-
nority carrier lifetime. The minority carrier lifetime was revealed to be a key factor in
optimizing the model and bringing its simulated I − V characteristic into a very good
match with the real I − V plot. The optimum value of the carrier lifetime was found
to in the order of 125ns to 150ns only. This is clearly seen in ﬁgure 5.38, and also in
5.39. Before that discovery was made, the only practically available carrier lifetime mea-
surement/estimation method – the ramp recovery technique – indicated that τ should
be in the order of hundreds of microseconds, not nanoseconds. Also, as seen in 5.39
doping concentrations for P+ and N+ have very limited inﬂuence on the modulator’s
current-voltage characteristic. This is true especially for high carrier lifetime values such
as τn,p ≈ 1ms.
The discussion relating to the possible causes of the very short carrier lifetime is
provided in the summary of this chapter.
The main goal of the FEM modeling of the THz modulator structure was to extract
additional information regarding the injected carrier concentrations. The simulated car-
rier concentration characteristic will be now compared with the carrier concentration
values calculated on the basis of the amplitude modulation measurements while taking
advantage of Drude-Zener theory, as shown in sections 2.5.5 and 4.5, chapter 4. These
calculated carrier concentrations can be plotted as a function of the corresponding diode
(pixel) currents. Graph 5.44 compares the simulated and calculated runs.5.6. FEM SIMULATIONS 265
Figure 5.44. – Comparison between the simulated carrier concentration characteristic,
and injected carrier characteristic calculated on the basis of the amplitude
modulation tests.
For diode current values of ID < 5mA, the experimentally obtained carrier concen-
tration is lower by almost an order of a magnitude than the simulated concentration. This
discrepancy between the results decreases, however, with the increasing diode current.
It is the author opinion, that this discrepancy does not undermine the validity of the ﬁnal
model. (When driving the modulators with signal generators – potential settings – the
carrier injection efﬁciency can be affected by contact resistance which, as stated earlier,
was not taken into account in the simulations.) Despite the observed discrepancy be-
tween the simulated and calculated carrier concentration ﬁgures, the ﬁnal ATLAS model
is considered to be valid.5.7. CHAPTER SUMMARY AND CONCLUSION 267
5.7 Chapter summary and conclusion
According to the theory provided independently by Roulston and Ghandi a P-i-N diode
(or in other words: P+NN+ structure operating under high level injection conditions) is
characterized by the total junction voltage equal Vjt = 1.4V . Both Roulston and Ghandi
explain the physics of operation of a P-i-N diode and the occurrence of 1.4V drop in
terms of high level injection phenomenon. This phenomenon results in a situation when
the voltage across the NN+ junction (low-high junction of a P+NN+ structure) is no
longer constant, depends on the carrier concentration within the i-region and can in-
crease substantially. The theory presented by Ghandi was used to calculate a theoretical
I − V characteristic of a P-i-N diode. The calculated I − V curve, as shown in ﬁgure
5.5, is characterized by Vjt = 1.4V . Also, the early I − V measurements carried out on
the modulator samples, immediately after their delivery by INNOS in June 2007, show
that at that time Vjt was approximately 1.65V . These facts lead to a conclusion that the
theory of operation of a P-i-N diode presented by Ghandi and Roulston is correct, and Vjt
of a P-i-N diode equals 1.4V .
Shortly after the delivery of the modulators a very worrying trend consisting of a
steadily increasing Vjt (threshold voltage) was revealed. Graph 5.21 in section 5.3.3 gives
a good overview of the modulator aging process documenting the modulator’s threshold
voltage increase that took place over the course of this project. It is now understood, that
the initial, dramatic Vjt increase was entirely due to the rapidly deteriorating condition of
the modulator’s N+ metallization (common anode). That fact was conﬁrmed by acquir-
ing the I−V characteristics of the THz modulators with the N+ metallization completely
removed — the I − V characteristics measured by making direct electric contact to the
remaining N+ metallization are shown to have Vjt in the order of Vjt ≈ 1.6V . Dread-
ful images of the metallization peeling off of the modulators’ semiconductor surfaces,
along with the recently discovered P+ electrode misalignment, constitute a testimony
of the fabrication errors made by INNOS. Despite the modulators’ deteriorating I − V
performance, luckily several selected devices could still be used in the ﬁnal THz ampli-
tude modulation tests carried out in the closing days of this PhD project. The best copies
among the selected chips were characterized by Vjt of “only” ≈ 4.2V .
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the modulators’ frequency response decreased dramatically16 from above > 100kHz to
much below 40kHz. The cause of the deteriorated frequency response was investigated
by analyzing transient electric characteristics of the modulator diodes, as described in
section 5.4.3. It is now understood that a slow, but continuous and substantial decrease
in the carrier lifetime negatively impacted the frequency response of the modulators. For
injection time (certain injection frequency) shorter than a given carrier diffusion time,
not enough carriers are injected within the modulator structure. This is observed as very
poor frequency performance.
The conclusion relating to poor carrier lifetime is further reinforced by the FEM
simulations, carried out in section 5.6.2. The simulation scheme and model optimization
assumed comparing the simulated I−V characteristics to the actual I−V characteristics
of a functional device. The model parameters were changed between the simulations in
order to bring the simulated I − V graph into a best possible match with the real I − V
graphs (bare-contact measurements). The ﬁnal simulation ﬁle was veriﬁed against the
experimental results showing good consistency with the actual data. Among the results,
the most important piece of information regards the minority carrier lifetime. Carrier
lifetime was shown to be much lower than previously expected and in the order of 125−
150ns only. The carrier lifetime of τ ≈ 150ns translates itself into the diffusion length
for holes of only LD ≈ 13µm, if the diffusion coefﬁcient for holes is Dp = 12cm2
s . This
value of the diffusion length of carriers is frustrating especially if compared with the total
P-i-N diode length (wafer thickness) of th = 200µm. The latter suggests that the injected
carriers would be conﬁned in volume only very close to the doped regions, which, as
observed experimentally, would lead to greatly limited frequency response of the THz
modulators. Aside from the issue of frequency response, the currently observed pixel-to-
pixel cross-talk is much lower than the interference that would most likely occur for any
potentially longer carrier lifetimes.
16In fact, in late 2011 the modulators were no longer capable of amplitude modulation for frequencies
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A clear distinction should be made here between two separate issues troubling the
modulators: the deteriorating condition of the N+ metallization screen, and decrease in
the carrier lifetime. While the former problem was observed shortly after the modulator
delivery and is understood to be responsible for the initial Vjt increase, the latter issue
developed gradually, slowly affecting the frequency response of the THz modulators.
The most probable explanation of the very short carrier lifetime, and its change over
the years, would be the accidental incorporation of any fast diffusing mid-gap contami-
nants in particular gold and copper ions. Also, as discussed in [192], very low concentra-
tions of dissolved metals such as Ni, Fe or Cu can slowly, but strongly reduce the carrier
lifetime overtime. Gold and copper ions can diffuse through a Silicon structure after
the fabrication process was completed – this is in perfect agreement with the observed,
on-going decrease in the frequency response.
A very good explanation of gold ions acting as recombination centers for minority
carriers in n- and p- type Silicon is given in [193]. According to [193], in n-type mate-
rial with Nd concentration larger than NAu, each gold level contains an electron. The
negatively charged acceptor has a large capture cross section for holes. When a hole is
trapped by an Au recombination center, an electron from the conduction band drops into
that center. In p-type material with Na  NAu, both gold levels are empty. The positively
charged donor has a large capture cross-section for electrons. As soon as an electron is
trapped by an Au+ center, it drops into the valence band, [193]. Capture cross-section
and lifetime are related by the following expression:
τj0 =
1
σj0 · νj · N
(5.32)
where:
νj — thermal velocity of the trapped carrier;
N — density of the trapping centre.
At room temperature, in p-type Silicon – as is the case for the current modulator
design where Na  NDoped ions – the minority carrier lifetime is approximately:
τ2 ≈ τe02 =
1
σe02 · νe · N
(5.33)5.7. CHAPTER SUMMARY AND CONCLUSION 270
5.45.(a) Ions concentration = f(Carrier lifetime) 5.45.(b) Ions concentration = f(Surface impurities)
Figure 5.45. – Calculations of the impact of gold, copper impurities on the carrier life-
time
According to [193] subscript 2 refers to gold donors. In the calculations, the capture
cross sections of Gold and Copper were adopted from [193] and [194], respectively.
Thermal velocity of the trapped carriers in Silicon was taken from [151], whereas the
diffusion coefﬁcients for Gold and Copper ions were adopted after [195]. In the case
of the diffusion coefﬁcients, the values for Gold and Copper were extrapolated for T =
25 − 50oC. As measured using non-contact infrared thermometer, the normal operating
temperature of a THz modulator often exceeds T = 40oC with all 16 pixels active.
As seen in graph 5.45(a), it takes only between 1013 1
cm3 to 1014 1
cm3 of gold or copper
impurities introduced into bulk Silicon to cause drop of carrier lifetime to ≈ 100ns. These
calculations are conﬁrmed by the available literature and according to [193] concentra-
tions of gold ions on the order of 1014 1
cm3 introduced at temperatures of 1100 − 1300oC
will reduce the electron carrier lifetime to 10−6s or below. In the same paper, ﬁgures
relating to the total amount of surface impurities can be found and those are also in-line
with the calculations carried out by the author as shown in graph 5.45(b). As seen in
the graph, the total amount of surface impurities (gold or copper) needed to result in
impurities concentration of 1013 − 1014 1
cm3 would be approximately 2 · 1014 Atoms
cm2 . This
was plotted for the Silicon wafer thickness of th = 200µm and assuming that the wafer
was exposed to the impurities for one year, t = 60s · 60min · 24h · 365days, and at a
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Various “carrier lifetime killers” might have been introduced into the bulk Silicon
during the fabrication process, if for example the modulator Silicon wafers were close
to a copper heat sink or if any gold ions were present inside of the INNOS fabrication
equipment. Knowing the number of technological problems INNOS faced during the
fabrication process (N+ metal contact!), the latter conclusion seems very probable.
Considering the fact that all the remaining THz modulators were fabricated in the
same technological process, it is natural to expect that other modulators — even if ex-
tracted from the remaining spare Silicon wafers — will be characterized with very similar
problems. Poor metallization quality and very low frequency response are to be expected
from the current batch.
The following recommendations can be made:
– Bad quality of N+ metallization is attributed to a “one-time” fabrication problem;
– An entirely new series of THz modulators should be fabricated;
– The highest quality (high purity, low background concentration) commercially avail-
able Si wafers should be used;
– Phosphorous instead of Arsenic should be used for N+ implantation. The implan-
tation energy should be set considering the SiO2 thickness and backed with the
TRIM simulations;
– Extreme care should be taken during the fabrication to prevent any impurities –
Gold and Copper ions – from contaminating the process. Special consideration
should be given to every technological process to eliminate any potential contami-
nation sources;
– Prior to the proper fabrication, it is advisable to carry out a pre-fabrication trail and
examine the carrier lifetime of the initial test batch.;5.7. CHAPTER SUMMARY AND CONCLUSION 272Chapter 6
FIR Controller
“He is no parasite on anything, whose work is real: a
mechanic, a doctor, a builder, a tailor, a dishwasher.
What, in comparison, does a writer produce?
Semblances. This is a serious occupation?”
Stanislaw Lem (1921-2006),
Polish writer, author of “Solaris” and “The Cyberiad”
6.1 Electronic driver concept
One of the additional elements of this PhD project was to design an electronic device
- a programmable AC current source, multi-channel high frequency controller - capable
of driving the modulator array with a predeﬁned combination of frequencies. This elec-
tronic device will be referred to as “the FIR controller” or “the THz modulator controller”.
The modulation frequency as well as the modulation current for each of the pixels in
the modulator’s array must be set/programmed independently of other pixels. In order to
achieve an appropriate depth of optical modulation, every pixel should be driven with a
sufﬁcient AC current (Id = 5−15mA current values allowing high amplitude modulation
levels, as veriﬁed experimentally). The value of the modulation current should remain
independent of the modulation frequency.6.1. ELECTRONIC DRIVER CONCEPT 274
The frequency stability has a crucial signiﬁcance in the potential micro-spectroscopy
application of the THz modulator, which was described in section 2.5.2, chapter 2. This
can be understood from ﬁgure 6.1. Any absolute, simultaneous drift of all the frequency
peaks – with all the peaks referenced to a common master clock signal and remaining
separated by a stable frequency interval – has much wider tolerable limits than a drift
of a single modulation peak. However, a signiﬁcant change in the frequency interval
between the adjacent pixels – relative frequency shift of one modulation peak with regard
to the remaining peaks – can cause the respective sidebands to overlap resulting in a
loss/distortion of the spectral information. This situation is seen in the right hand sight
of the drawing.
Figure 6.1. – Sidebands overlap. In the right hand side drawing, a relative frequency
shift of P2 with regard to P1 and P3 results in an overlap of the P2 and
P3 sidebands. ∆f is therefore a safety margin introduced to prevent any
distortions in spectral information.
The frequency interval between the adjacent modulation frequencies must therefore
remain constant – the interval should not change more than by a few tens of Hz1. In
that sense, a portion of the frequency interval is therefore a safety margin necessary to
prevent any distortions in spectral information.
General considerations for this design are given below.
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General considerations
– the device will be a current source driving a PIN diode structure of the THz modu-
lator for a programmed modulation frequency.
– the device should have a USB interface to allow setting/programming modulation
frequencies for channels, but when disconnected will work as a stand-alone unit;
– additional capability of the device includes changing channel frequency patterns
(rapidly programming and quickly redeﬁning various frequency combinations be-
tween the device’s channels). This can serve for limiting the number of spurious
frequency components within the useable bandwidth. Also, the impact of second
harmonics – issue discussed in section 2.5.3; chapter 2 – can be minimized by
rapidly redeﬁning channel frequencies. This concept was suggested by Prof. Peter
Smith.
Electronic/Architecture considerations
– the device should provide ﬂexibility to expand the number of channels up to 100;
– each channel will be used for driving a single diode structure (pixel)
– each channel driver should be able provide minimum of 10mA to the PIN diode
structure (pixel)
– the value of the current will be ﬁxed around at a certain level using a programming
resistor2, leaving an option to manually ﬁne tune the diode current over a limited
range using a precision potentiometer;
– each channel should have an option to be enabled/disabled (activated/deactivated)
independently of the others
Frequency considerations
– the device should have its own master clock signal generator (preferably crystal
quartz oscillator)
2Current levels can be controlled electronically if the programming resistor is substituted with an elec-
tronically programmable resistive load.6.2. DEVICE ARCHITECTURE 276
– each channel should be referenced to a central master clock signal to eliminate
independent frequency deviations between the channels.
– the output frequency of each channel (modulation frequency) should be set inde-
pendently
– the frequency of each channel should be set between at least 300/400kHz and up
to 800kHz – which is the optimum pixel allocation bandwidth set by the bandwidth
of a QMC photodetector, as explained in section 2.5.3, chapter 2;
– that leaves separation between the channels of 3.5kHz of frequency interval (for
the maximum of 100 channels)
– the resolution of frequency setting should be no larger than 100Hz – the small-
est possible3 value guarantees assigning accurate positions for pixels separated by
3.5kHz frequency interval;
– the deviation from the nominal modulation frequency should not be grater than
±250Hz for each channel – this is chosen to provide sufﬁcient frequency margin
between the channels in view of the spectroscopy applications of the THz modula-
tor.
6.2 Device architecture
Figure 6.2 presents a drawing of the THz controller architecture.
6.2.1 Pixel channels
As mentioned earlier in section 6.1, the primary function of a single frequency channel
(block) is to act as a current source for one THz modulator pixel. This was achieved
by choosing an integrated laser driver as a pixel control chip. After extensive search for
a suitable chip, the best candidate was selected: MAX3766, 622Mbps LAN/WAN laser
driver with automatic current control option. This chip is a key component in the con-
troller’s design.
3100 Hz is approximately maximum resolution for frequency settings for f ­ 700kHz range; veriﬁed
experimentally6.2. DEVICE ARCHITECTURE 277
Figure 6.2. – FIR controller - schematic electronic architecture of the device6.2. DEVICE ARCHITECTURE 278
MAX3766 is a complete laser diode driver for ﬁbre optic LAN transmitters. It is specif-
ically optimized for operation at 622Mbps, however, as conﬁrmed experimentally, the
device operates very well for lower modulation frequencies (down to 10kHz, if the
frequency of the external master clock is reduced accordingly). MAX3766 includes a
laser modulator and automatic power control (APC) and is effectively a high preci-
sion, temperature stabilized current source. The laser modulation current can be pro-
grammed up to 60mA at 622Mbps. If necessary, a constant bias current of up to 80mA
can also be applied to the diode - this option, however, has been disabled in the cur-
rent design. The modulation current is set using an external modulation resistor Rmod =
1.55V ·30
Imod −520Ohm, where Imod is the modulation current. Graph 6.3 presents the charac-
teristic of the modulation current as a function Rmod, taken from the chip’s speciﬁcation
sheet.
In the ﬁnal design of the FIR controller, three 1% tolerance Rmod resistors (Rmod =
2.2kΩ corresponding to Imod = 17mA, Rmod = 4.7kΩ for Imod = 9mA, Rmod = 6.8kΩ for
Imod = 6mA) are used for a single laser driver (channel) to set the modulation current.
A suitable Rmod resistors is selected with a jumper. The laboratory tests have shown
that for Rmod = 2.2kΩ current of Imod = 17.1mA can source through a load resistor
(mimicking a laser diode’s series resistance) of RL = 100Ω. Additionally, the modulation
current can be precisely adjusted using a high precision RPot = 1kΩ potentiometer put
in series with the main load resistor. Any instability in the diode current will be observed
as the amplitude change of a given modulation peak. The stability of the diode current is
therefore crucial since the magnitude of a particular modulation carries the information
on the the sample’s THz absorption.
MAX3766 incorporates an enable/disable pin that is used for activating and de-
activating diode modulation. When this pin is held logical high, the chip output is active
(enabled). No modulation is observed on the output, however, if the enable pin is held
logical low4. As discussed later, this pin is driven using a 16 bit universal I/O port (this
is used as a laser diode driver enable circuit). Therefore, each of the channels can be
enabled/disabled independently.
Another integrated circuit used in the pixel channel design is the FS7140: a pro-
grammable phase-locked loop clock generator. This chip is a master clock frequency
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Figure 6.3. – IMOD as a function of RMOD
divider. It contains an internal oscillator (used for stand alone operation) and an op-
tional frequency input that can be referenced to an external master clock signal (here
the master clock signal distributed between the individual channels). The FS7140 in-
put frequency can be divided according to integer values stored in three programmable
registers: reference divider, feedback divider and post divider. FS7140 registers are pro-
grammed via I2C bus, and the equation for the device output frequency is:
fCLK = fREF ·
NF
NR
·
1
NP
(6.1)
where:
fCLK - output clock frequency;
fREF - reference input frequency;
NF - integer value for feedback divider (minimum: 12, maximum: 16383);
NR - integer value for reference divider (minimum: 1 maximum: 4095);
NF - integer value for feedback divider (minimum: 1 maximum: 1152);
Despite the fact that some limitations exist with regard to acceptable integer values
that can be stored in the FS7140 registers, for the current design (where the master
clock frequency is MCLK = 3.6864MHz) any frequency value within the region between
350kHz to 700kHz can be set with a resolution of 250ppm (88Hz and 175Hz, respec-6.2. DEVICE ARCHITECTURE 280
tively) depending on the programmed frequency value.
Every FS7140 is programmed via I2C bus (distributed using I2C bus multiplexers)
and referenced to a common master clock signal.
6.2.2 Master clock block design
The master clock block consists of quartz crystal oscillator and fan-out circuit.
The quartz master clock, generated by crystal oscillator, is distributed between the
pixel channels using a fan-out circuit arranged with NB3L533 (1:4) fan-out buffers. In
the design ﬁve (1:4) fan out buffers are used and arranged into (1:16) cascade. Figure
O.5 given in appendix O presents circuit diagram of the 1:16 fan-out block.
6.2.3 I2C bus controller block
The following elements of the I2C block can be speciﬁed: I2C (1:8) bus multiplexer and
universal I/O port (laser driver controller).
Since only up to four FS7140 frequency dividers can be used on a single I2C line
an I2C multiplexer is necessary to increase the number of channels. A PCA9547 I2C-
programmable, 1:8 multiplexer was selected. A maximum of 8 PCA9547 multiplexers
can be connected to single I2C (main, master) bus. Therefore, a total of (4 laser drivers
per single I2C line) x (8 lines per single multiplexer) x (8 multiplexers per single I2C
master bus) = 256 pixel channels can be conﬁgured. If necessary this number can be
increased further, by connecting I2C multiplexers into cascades.
A 16 bit port expander PCA9535D (universal I/O port) is used to control the laser
drivers’ (MAX3766) enable/disable pins. Every enable/disable line is pulled up high with
a 10kΩ resistor.
6.2.4 USB/Microcontroller block
The microcontroller is used for programming FS7140 frequency dividers via an I2C two-
wire interface. In essence, when employed in the FIR controller design, the microcon-
troller will serve to program every FS7140 frequency divider. The NR, NF and NP reg-
isters of a selected FS7140 chip will be uploaded (conﬁgured) with a combination of
integer values corresponding to a required frequency. The integers are calculated by the6.3. FINAL DESIGN 281
microcontroller or uploaded to the microcontroller memory from a PC computer. The
I2C addresses of all the programmable chips (these include: one I2C multiplexer, one
laser driver enabler and sixteen FS7140 frequency dividers) are stored in the microcon-
troller’s ﬂash memory. The microcontroller can be accessed using a PC computer (with a
dedicated software application) via a USB interface. The USB interface is formed with a
MAX3420 USB-host that communicates with the microcontroller via SPI protocol (Serial
Programming Interface).
An AVR ATmega32 microcontroller was selected for this project. ATmega32 is equipped
with a hardware implemented two wire interface (I2C hardware controller). The micro-
controller’s application (program) ﬂash memory of 32kB is perfectly sufﬁcient for this
project (the FIR controller C-code occupies ≈ 2kB). The controller’s ﬂash memory can
be repeatedly programmed and erased using an in-system programming interface (ISP),
while the controller’s 2kB EEPROM memory can be used for storing any read-only con-
stants (such as information regarding I2C architecture). Additionally, the microcontroller
block can be upgraded with a 2x16 digit LCD display and some push-buttons. Those can
be used for a stand-alone mode of operation of the device.
6.3 Final design
Drawings 6.4 and 6.5 present two electronic assemblies comprising the ﬁnal design
of the FIR controller. In its ﬁnal form, the device consists of one main-board (“the
mother board”) and four channels boards. The main-board assembly is used for pro-
gramming/controlling the channel boards. The main-board incorporates the microcon-
troller, master clock block with an associated 4 output fan-out circuit, I2C multiplexer
and output-enable/disable circuitry for activating the channels. The master clock signals
(4 signals) are redistributed between up to four channel boards that can be connected
to the main-board. The master clock signal is later further redistributed between the 4
channels using a fan-out circuit on situated on the channel board.
One main-board and one channel board were fabricated by an external contractor,
while the ﬁnal version of the device was assembled by the author. The photos of the
FIR controller are given below, while the complete electronic circuit of the device can be
found in appendix O.6.3. FINAL DESIGN 282
Figure 6.4. – Main-Board architecture
Figure 6.5. – Channel Board architecture6.3. FINAL DESIGN 283
Figure 6.6. – FIR Controller - Main-Board
Figure 6.7. – FIR Controller - Channel Board6.4. DEVICE CHARACTERIZATION AND TESTING 284
6.4 Device characterization and testing
The results of some laboratory tests of a pre-prototype version of the FIR controller as
well as the complete, ﬁnal device are presented here.
A special, miniaturized “mini-controller” device was designed and assembled to ver-
ify the design. The pre-prototype is described in the following section. The pre-prototype
was used in the frequency stability tests of the FIR controller. The laboratory tests were
carried out to eliminate any potential design errors and prove that the frequency stabil-
ity for two modulation channels is as expected. All the results pertaining to frequency
performance of the FIR controller were collected for the pre-prototype unit.
The tests of the ﬁnal version of the FIR controller involved one four channel board.
Both of the devices - the pre-prototype as well as the ﬁnal FIR controller - were
tested using a National Instruments DAQ/spectrum analyzer (part of the NI-DAQ card
programmed under lab-view) and HAMEG HM-8123 frequency counter.
6.4.1 Mini-controller concept and architecture
The device was made to conﬁrm the correctness of the FIR controller design prior to
making the ﬁnal version of the controller. Figure 6.8 shows the electronic architecture of
the mini-controller device seen in photo 6.9. “Mini-controller” consists of only two pixel
channels and has no microcontroller/USB block (it is programmed via I2C bus using an
external development board for AVR-ATmega32 kit). Additionally, the number of con-
nections for the I2C bus multiplexer and master clock generator blocks was reduced to
operate with two channels only. This “mini-controller” reﬂects the full architecture of the
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Figure 6.8. – Mini-controller architecture
Figure 6.9. – Mini-controller photo6.4. DEVICE CHARACTERIZATION AND TESTING 286
Frequency characterization
Graph 6.10 presents the spectrum of the summed outputs. Channel 1 of the pre-prototype
is set for f1 = 387kHz, whereas channel 2 was programmed to f2 = 640kHz. The modu-
lation peaks for both channels are shown in ﬁgures 6.11 and 6.12.
Table 6.1 presents the summary of frequency tests carried out with HAMEG HM-8123
frequency counter. The results of channels stability tests are given in table 6.2. In that
series of tests, the output frequencies of channels 1 and 2 were simultaneously fed to two
frequency inputs (A and B) of the frequency counter. The ratio of B/A was calculated by
the counter. On that basis the maximum frequency interval between channel 1 and 2 was
calculated, as given in table 6.2.
The time constant (gate duration) for these measurements was 60 seconds. Each of
the results represents an average over 6 subsequent measurements.
The following conclusions can be drawn from the collected data:
1. The absolute frequency error for the complete driver decreases with the increase
in the programmed frequency value. In other words, the absolute frequency error
is larger for lower frequencies. The error is acceptable for the bottom end (350k)
of the intended, useable frequency span.
2. As can be seen from the results given in table 6.1 and taking into account that the
frequency setting accuracy can be related to the programmed value, the frequency
error is attributed to the ﬁnite resolution of the FS7140 frequency divider.
3. The frequency stability of the complete driver is excellent. The maximum frequency
deviation from the programmed value is in the order of 0.019% (absolute fre-
quency errors are: < 75Hz for fSet = 387kHz and < 64Hz for fSet = 640kHz). The
results of additional measurements also prove that the driver is stable in terms of
the channel frequency separation and meets the frequency speciﬁcations discussed
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Figure 6.10. – Baby-controller measurement tests - (Noise Floor is seen for the “Dis-
abled” state)
Figure 6.11. – Channel 1 modulation peak expanded6.4. DEVICE CHARACTERIZATION AND TESTING 288
Figure 6.12. – Channel 2 modulation peak expanded
Output Meas. fSet/Expect. [kHz] fMeas. [kHz] Abs. Error [Hz] Error [%]
1 387.000 387.074 74 0.019
Ch1 2 387.000 387.072 72 0.019
3 387.000 387.072 72 0.019
1 640.000 640.063 63 0.009
Ch2 2 640.000 640.000 0 0
3 640.000 640.000 0 0
1 3686.000 3686.401 401 0.011
MCLK 2 3686.000 3686.401 401 0.011
3 3686.000 3686.401 401 0.011
Table 6.1. – Frequency measurements using HAMEG frequency counter6.4. DEVICE CHARACTERIZATION AND TESTING 289
Programmed frequency Measured Freq. Interval
Channel 1 Channel 2 CH2/CH1 ∆ffreq.
350kHz 350kHz 1.000 000 00 0Hz
350kHz 353.5kHz 1.010 014 39 5Hz
696.5kHz 700kHz 1.005 053 76 19Hz
Table 6.2. – Channel stability analysis and comparison using HAMEG frequency counter
Graphs 6.11 and 6.12 present the frequency peaks for fProgrammed/Set = 387.0kHz
and fProgrammed/Set = 640.0kHz, respectively. Both characteristics were plotted for signal
to carrier signal power ratio in order to analyze the phase noise performance of the
FIR controller – when used for driving the modulators, the phase noise characteristic is
important from the spectroscopy application point of view. Additionally, the output signal
of a high-precision NI-PXI-5404 signal generator is given in the graphs for comparison.
All spectra were acquired using Hamming FFT window and the resolution bandwidth of
RBW ≈ 3.5Hz.
Phase noise for the FIR controller can be calculated using the following formula,
[196]:
Pn[dBc/Hz] = (Noise point in [dBc] at fOffset) − 10 · log(RBW [Hz]) (6.2)
The following table presents the phase noise values calculated at an offset frequency
of 150Hz from the carrier signal. The phase noise for NI-PXI-5404 is lower than the FIR
controller phase noise by about 20dBc for fCarrier = 387kHz. This can be attributed to
poorer noise shielding/grounding of the FIR controller during the measurements. Also,
the FIR controller phase noise decreases with increasing carrier frequency.
Carrier Frequency [Hz] FIR Controller NI-PXI-5404
f ≈ 380kHz -105 dBc/Hz -125 dBc/Hz
f ≈ 640kHz -115 dBc/Hz -125 dBc/Hz
Table 6.3. – Phase noise (offset frequency fOffset = 150Hz; RBW ≈ 3.5Hz) for the FIR
controller and NI-PXI-5404 signal generator
The phase noise ﬁgure of −105dBc/Hz at fMod = 387kHz (or −100dBc at fOffset =
150Hz) is comparable to the NI-PXI-5404 performance and suitable for the application of
multiple pixel frequency modulation . The phase noise introduced by the FIR controller6.4. DEVICE CHARACTERIZATION AND TESTING 290
will not result in any pixel-to-pixel interference considering the 3.5kHz frequency interval
between the modulation peaks5.
Modulation current
Graph 6.13 presents the characteristic of the modulation current (diode current) as a
function of load resistance. This characteristic was measured for the ﬁnal version of
the FIR controller. The maximum achievable modulation current is 17.1mA for RL =
10Ohm. In the graph it is seen that the FIR controller can force a diode current of Id =
17mA through the load resistance of up to 200Ω. modulation current can further be
increased if different modulation (current programming) resistors are used in the FIR
controller setup. Thus, the compliance voltage for the MAX3766 current source equals
approximately VCV = 200Ω · 17mA ≈ 3.4V . On the basis of the P-i-N diode physics of
operation and early I −V measurements of the THz modulators (both were discussed in
chapter 5), it is clear that the MAX3766 current source compliance voltage of VCV = 3.4V
would be sufﬁcient for driving the P-i-N diodes of the future THz modulators. Due to the
deteriorating I − V performance of the modulators, this compliance voltage however is
insufﬁcient for the FIR controller to be used with the already existing modulator chips.
The load resistance of 200Ω is larger than the expected series resistance of a properly
fabricated THz modulator device.
Graph 6.14 presents the voltage waveforms across various load resistors. The wave-
forms were acquired for the modulation frequency of f = 850kHz.
5∆f = 3.5kHz for 100 pixels operating within the frequency span of f = 350 − 700kHz.6.4. DEVICE CHARACTERIZATION AND TESTING 291
Figure 6.13. – Modulation current = f(Load Resistance)
Figure 6.14. – Voltage across various load resistors, fMOD = 850kHz6.4. DEVICE CHARACTERIZATION AND TESTING 292
6.4.2 FIR controller - four channel board
Figure 6.15. – Four channels modulation, Load resistor RL = 22kΩ
In this section the frequency spectrum of the four channel FIR controller (ﬁnal ver-
sion) is presented. The spectrum is shown in graph 6.15. The spectrum was collected us-
ing the NI DAQ card/spectrum analyzer and a 22kΩ “dummy-load” resistor for summing
up the four outputs. The modulation frequencies of the four channels were calculated
and programmed in such a way so as to minimize the number of any intermodulation
products within the observed frequency span. The high-frequency components of the
background (“Disabled”) spectrum are not due to the interference introduced by the FIR
controller, but represent the acquired background interference of the entire laboratory.
This is easily proved by comparing graph 6.15 with a similar frequency characteristic ac-
quired for the FIR pre-prototype controller, shown in graph 6.10. In the latter graph, no
spurious frequency components are seen in the background spectrum. The characteristic
distortion seen in both spectra for frequencies between f = 300−500kHz was caused by
an interference present in the laboratory during both acquisitions.6.5. SUMMARY 293
6.5 Summary
The FIR controller is capable of driving the modulator pixels with sufﬁcient modulation
currents and within the necessary span of frequencies6. The maximum achievable mod-
ulation current for a single diode exceeds 17mA for the current FIR conﬁguration. If
necessary, the value of the modulation current can further be increased.
In its current conﬁguration, the modulation frequencies can be programmed with
a resolution of 100Hz. The laboratory tests have shown that the total, maximum fre-
quency error for the programmed frequency is below 0.02% at f = 387kHz and 0.01%
for f = 640kHz. The channel-to-channel frequency stability is also excellent: for the mod-
ulation frequencies of around 700kHz, the FIR controller has demonstrated an average
frequency interval change of less than ∆f = 19Hz, as measured using HAMEG frequency
counter. For the frequencies within the region of 350kHz the channel-to-channel fre-
quency change is less than 5Hz. The FIR controller can maintain the necessary frequency
separation between the two adjacent modulation peaks over the entire 350 − 700kHz
frequency region. As seen in graph 6.13, the FIR controller can drive sufﬁciently large
modulation current of Id = 17mA through load resistors of 200Ω. The FIR controller is
therefore perfectly capable of driving the THz modulators.
6This is true provided that the series resistance of each pixel remains below ≈ 200Ω...6.5. SUMMARY 294Chapter 7
Summary and Future Work
“I have walked that long road to freedom. I have tried not
to falter; I have made missteps along the way. But I have
discovered the secret that after climbing a great hill, one only
ﬁnds that there are many more hills to climb. I have taken
a moment here to rest, to steal a view of the glorious vista
that surrounds me, to look back on the distance I have come.
But I can rest only for a moment, for with freedom comes
responsibilities, and I dare not linger, for my long walk is not
yet ended.”
Nelson Mandela
The work carried out in this project can be divided into ﬁve major parts:
– investigation of sub-wavelength aperture transmission in the THz region;
– optoelectronic characterization of the modulators in the MWIR , LWIR and THz;
– sub-wavelength imaging with the modulators using THz;
– investigation of the modulator deterioration of fmod and I − V performance;
– development of the FIR controller;7.1. CURRENT STATE OF WORK 297
7.1 Current state of work
Sub-wavelength aperture transmission in THz
Sub-wavelength aperture transmission is investigated in chapter 3. At the time when this
chapter was prepared, it was not obvious that the modulator characterization, let alone
multiple pixel sub-wavelength imaging, would be possible with the THz radiation the
available optoelectronic apparatus. Therefore, a series of THz transmission experiments
with sub-wavelength metal apertures were carried out to experimentally conﬁrm that
the setup can be used for this purpose. The sub-wavelength transmission was recorded
for various apertures and wavelengths.
Several sub-wavelength aperture transmission theories, with varying ranges of valid-
ity, were investigated and compared with the measurement data. Before this work, there
was very little direct experimental veriﬁcation of these theories.
It is conﬁrmed that Bethe Theory is applicable for calculating sub-wavelength aper-
ture transmission for 0.0625 > a
λ < 0.23. Originally, the theory was derived for apertures
formed in an inﬁnitely thin and perfectly conducting metal screen. The results of sub-
wavelength aperture transmission FEM simulations and measurements – both in very
good agreement – reveal Bethe’s theory major deﬁciency: sub-wavelength apertures with
a ﬁnite screen thickness th are waveguides, and thus can introduce additional waveguide
attenuation1. If λ > λCut−oﬀ, the transmission values T = τBethe are overestimated with
the difference corresponding to waveguide attenuation ﬁgures. Therefore, Bethe Theory
should be used in combination with the waveguide analysis.
The sub-wavelength aperture transmission tests and discussion presented in chapter
3 are unique and broaden the understanding of sub-wavelength aperture transmission
physics. This research will be useful to calculate the performance of likely future devices.
THz modulator
The modulator optoelectronic performance is described in chapter 4. This project re-
sulted in a ﬁrst ever THz transmission image taken with the THz spatial modulator.
The image was acquired in the near-ﬁeld at λ ≈ 118µm with λ
4 resolution using the
1The experimental results show good agreement with Bethe for apertures with screen thickness to diam-
eter of
th
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φ = 15µm modulator version. The modulator’s multiple pixel acquisition capability for
sub-wavelength near-ﬁeld imaging has therefore been successfully proven. This success
was achieved even despite the modulator’s seriously deteriorated I − V and frequency
characteristics.
Functional THz modulators are capable of amplitude modulation of MWIR , LWIR
and THz radiation for modulation frequencies greatly exceeding f  100kHz. As proved
with the acquired THz transmission image, the depth of amplitude modulation as well
as the THz optical transmission through the modulator’s resolution deﬁning apertures
were perfectly sufﬁcient to carry out sub-wavelength imaging at λ = 118µm – the latter
fact conﬁrms the conclusions of chapter 3: sub-wavelength imaging in THz with the
φ = 15µm modulators is possible using the available experimental setup (λ = 118µm).
The depth of modulation measured for MWIR and LWIR is in perfect agreement with
the theoretical predictions of ∆m presented in chapters 2. Considering the small depth
of modulation and poor frequency response, dramatically better performance can be
expected from a new device with these issues solved.
The THz microscope operation was complicated by the occurrence of very strong
intermodulation products.
Carrier lifetime
Over the course of almost three years, between early 2008 and late 2010, the modula-
tors experienced a substantial performance degradation, which was traced to a decrease
in carrier lifetime to only τ ≈ 125 − 150ns (expected: ≈ 1ms). For a total structure
length of th = 200µm, this carrier lifetime resulted in unacceptably short (on the or-
der of LD < 13µm) carrier diffusion lengths which negatively impacted the modulator
frequency response and also contributed to poor I − V performance. The latter two ef-
fects were observed during the modulator optoelectronic characterization and prompted
a thorough investigation of the deteriorating modulator state, presented in chapter 5.
The dramatic shortening of carrier lifetime over time is attributed to mid-gap contam-
inants such as for instance Gold and/or Copper diffusing slowly through the modulator
Silicon structure.7.2. FUTURE WORK AND CLOSING REMARKS 299
7.2 Future Work and Closing Remarks
I would like to make several important recommendations for future work. They include
the following:
– Due to their deteriorated frequency response, the current THz modulators are not
suitable for any meaningful optoelectronic characterization. A new batch of THz
modulators should be fabricated.
– The metallization thickness of the resolution deﬁning aperture screen should be
fabricated as thin as possible. This recommendation stems from the conclusions of
chapter 3 and regards the waveguide attenuation observed in sub-wavelength aper-
tures used for transmission at wavelengths above λCut−Oﬀ. For instance, it is for an
aperture of φ = 15µm and th = 12µm thick the waveguide cut-off wavelength is
λCut−Oﬀ ≈ 26µm which at λ ≈ 118µm results in 25dB of waveguide attenuation. It
can be argued that the current modulator design with the aperture screen thickness
of th ≈ 1µm guarantees attenuation of only 2 − 4dB at a
λ = 0.063. Nevertheless,
waveguide attenuation should be taken into consideration when designing future
modulator versions.
– As demonstrated in chapter 4, section 4.4, the N+ metallization is soft and if a
sample is brought in direct contact with the modulator surface, the latter can be
damaged after less than 20 consecutive scans. Even though the damage does not
impair the modulator operation in terms of depth of modulation or frequency re-
sponse, it does however affect the operation of a THz microscope with the sample
occasionally “latching” against the modulator surface. The outer layer of the reso-
lution deﬁning aperture screen should be Chromium.
– In the current modulator design the electric conﬁguration of the pixels is common-
cathode/separate-anode (N+ screen is common ground for all diodes). Since the
FIR controller, presented in chapter 6, drives each diode via a separate ﬂoating
ground connection, it is necessary that future modulator versions are designed
with the reversed electric conﬁguration: common-anode/separate-cathode.7.2. FUTURE WORK AND CLOSING REMARKS 300
– Pixel-to-pixel crosstalk interference was measured experimentally using MWIR
and LWIR radiation. This interference can potentially lead to image distortions in
sub-wavelength THz microscopy. It is therefore necessary to minimize any crosstalk
interference in future modulator designs. The proposed new modulator would in-
corporate reactive ion etched, SiO2 passivated grooves/trenches formed around
every pixel diode. This structure would serve to isolate the adjacent pixels in order
to suppress carrier diffusion.
– Quality control of the modulator fabrication process is crucial. Poor metallization
quality and very low frequency response result from the technological errors made
by INNOS. Various “carrier lifetime killers”, such as Gold or Copper ions, were most
likely introduced into the bulk Silicon during the fabrication process. The device
is exceptionally sensitive to contamination of this type, and any routine care and
fabrication is unlikely to yield adequate performance. It is therefore particularly
important to assure fabrication equipment clean of any contaminants and handle
the modulator wafers accordingly. The existence of comparable, commercial pin
diodes for various purposes, one of which was used to conﬁrm the measurement
techniques used, gives conﬁdence adequate performance is possible.
– The THz microscope construction can (and in certain aspects should) be greatly
improved. Even though the issue of sample alignment was solved successfully2
– resulting in a THz transmission image – the current method is very unreliable
(only one in many scans results in a good image, though other less convincing
results were obtained). More efﬁcient sample alignment can be achieved by in-
troducing a technique for measuring the distance between the target and sample
(capacitance measurement, interferometric technique or by monitoring the elec-
tric contact). Precise sample positioning and manipulation can be realized using
a programmable gimbal-mount. Additionally, such a mount could provide an op-
tion to correct/re-adjust the sample position automatically during the scan. A pro-
grammable sample mount can move in accordance with the modulator-sample
distance readings. Thus, it could keep the sample/target at a distance from the
modulator screen preventing it therefore from “latching” and misalignment.
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Sixteen signal generators should be eliminated from the microscope setup and sub-
stituted with the FIR controller (designed for the next THz modulator generations),
or, for the current modulators, temporarily replaced with stable AC current sources
(such a small, stable, easy to assemble AC current source consisting of IC chips was
in fact designed early in this project for driving separate pixels and could be very
suitable for the imaging application). Currently, driving the modulator with sixteen
separate generators is very inconvenient with the modulation peaks often drifting
away from their nominal modulation frequencies. The experimental setup can also
be redesigned to work with phase sensitive detectors, each referenced individu-
ally to a particular pixel (the FIR controller architecture also offers an option for
referencing every channel to a phase sensitive detector.). This arrangement is not
intended for the ﬁnal commercial THz microscope, but would substantially simplify
the image acquisition in the current experimental setup.
The microscope operation can also be improved by increasing the QMC pre-ampliﬁer’s
spurious free dynamic range above its current > 82dB level. Large QMC pre-
ampliﬁer non-linearity is translated into strong inter-modulation products occur-
ring in the useable modulation bandwidth.7.2. FUTURE WORK AND CLOSING REMARKS 302Appendix A
THz optics
The graph presented in this appendix was adopted from www.terahertz.org network.304
Figure A.1. – THz transmittive materials – Dispersion 0 and loss 00 of crystalline di-
electrics, semiconductors, polymers which are the most transparent in
THz spectral range. At frequencies 1011–1012 Hz 0 does not depend on
frequency. Graph adopted from www.terahertz.orgAppendix B
THz absorption for water and
tissues
Table B – THz absorption of water, compiled on the basis of [16, 17, 67].
Frequency [THz] Absorption [cm−1] Source
0.5 110 [16]
0.6 181 [17]
1 230 [67]
1.8 60 [16]
Table B – THz absorption of living tissues, adopted from [16].
Absorption [cm−1] Absorption [cm−1]
Tissue ν = 0.5THz ν = 1THz
Normal skin 110 168
Normal breast 105 164
Breast carcinoma 125 186
Breast adipose 13 22306Appendix C
Depth of Modulation
Depth of modulation – ∆m
Depth of amplitude modulation ∆m is given as:
∆m =
PModulator − PBackground
PLaser
· 100% =
VModulator − VBackground
VLaser
· 100% (C.1)
where:
PModulator – modulated optical signal [W];
PBackground – background signal for laser radiation being cut-off [W];
PLaser – laser power for opto-mechanical modulation [W];
VModulator – PSD output voltage signal for the modulated optical signal [V];
VBackground – PSD output voltage for laser radiation being cut-off [W];
VLaser – PSD signal for laser power for opto-mechanical modulation [W];308Appendix D
Current Source frequency
characteristic
Figure D.1. – AC current source frequency characteristic310Appendix E
Pixel-to-pixel cross-talk
Pixel-to-pixel cross-talk – He-Ne experiment, 2008
Figure E.1. – Cross-talk, mod.: 10µm, acquired in early 2008312
Figure E.2. – Cross-talk, mod.: 15µm, acquired in early 2008
Pixel-to-pixel cross-talk – CO2 experiment, 2008313
Figure E.3. – Cross-talk, mod.: 10µm, acquired in early 2008314Appendix F
LWIR characterization of THz modulators
– 2010
Figure F.1. – Amplitude modulation for the 15µm modulator, tested in early 2010316
Figure F.2. – Amplitude modulation for the 10µm modulator, tested in early 2010
Figure F.3. – Amplitude modulation for the 10µm modulator, tested in early 2010317
Figure F.4. – Amplitude modulation for the 10µm modulator, tested in early 2010318Appendix G
THz transmission images
Figure G.1. – Incomplete THz transmission image of Nickel mesh (Mesh dimensions
are: wire - 15µm; cell opening - 120µm).320
Figure G.2. – Incomplete THz transmission image of Nickel mesh (Mesh dimensions
are: wire - 15µm; cell opening - 120µm). The acquisition of this image
failed because the sample was not scanned properly along the horizontal
axis.Appendix H
SEM-EDX characterization
Figure H.1. – Spectral image of the N+ contact as imaged with SEM-EDX instrumenta-
tion322Appendix I
ATLAS simulation ﬁle
go atlas
] Meshing ]
mesh space.mult = 1.00 CYLINDRICAL
x.mesh loc=0 spac=2.5
x.mesh loc=4 spac=1.5
x.mesh loc=4.5 spac=0.1
x.mesh loc=5 spac=0.01
x.mesh loc=5.5 spac=0.1
x.mesh loc=10 spac=2.5
x.mesh loc=14.5 spac=0.1
x.mesh loc=15 spac=0.01
x.mesh loc=15.5 spac=0.1
x.mesh loc=16 spac=2.5
x.mesh loc=20 spac=10
x.mesh loc=30 spac=20
x.mesh loc=50 spac=30
x.mesh loc=70 spac=20
x.mesh loc=75 spac=10
x.mesh loc=100 spac=5324
y.mesh loc=-0.04 spac=2.5
y.mesh loc=0 spac=0.01
y.mesh loc=0.05 spac=0.1
y.mesh loc=0.15 spac=0.01
y.mesh loc=0.3 spac=0.1
y.mesh loc=0.5 spac=2.5
y.mesh loc=5 spac=5
y.mesh loc=10 spac=10
y.mesh loc=50 spac=30
y.mesh loc=100 spac=60
y.mesh loc=150 spac=30
y.mesh loc=190 spac=10
y.mesh loc=195 spac=5
y.mesh loc=199.5 spac=2.5
y.mesh loc=199.8 spac=0.25
y.mesh loc=199.9 spac=0.1
y.mesh loc=200 spac=0.01
y.mesh loc=200.04 spac=0.25
eliminate y.dir y.min=0.01 y.max = 199.99 x.min = 15.8 x.max = 99.5
eliminate y.dir y.min=0.04 y.max = 199.96 x.min = 16 x.max = 98
] Regions ]
region num=1 silicon y.min = 0.0 y.max = 200 x.min = 0 x.max = 15
region num=2 silicon y.min = 0 y.max = 200 x.min = 15 x.max = 100
region num=3 oxide y.max = 0.00
region num=4 oxide y.min = 200
] Electrodes ]325
electrode name=anode y.min=-0.04 y.max=0 x.min=5 x.max=15
electrode name=cathode y.min=200 y.max=200.04 x.min = 5 x.max = 15
] Deﬁnes all contacts to be ohmic
contact all neutral
] Doping ]
] P-type proﬁle - this section also deﬁnes the doping proﬁle ﬁle for regriding later on
doping gaussian concentration=7.5e18 characteristic=0.047 p.type x.left=5 x.right=15
DIR=y peak=0.145 outﬁle=dopingproﬁle
] N-type proﬁle
doping gaussian concentration=3.0e19 characteristic=0.012 n.type x.left=5 x.right=15
DIR=y peak=(200.0-0.033)
] Remaining regions
doping uniform conc=2e14 p.type reg=1
doping uniform conc=2e14 p.type reg=2
] Regridding
regrid logarithm doping ratio=2 smooth.key=4 dopﬁle=dopingproﬁle
] Models and methods ]
model fermi bipolar analytic ccsmob ﬂdmob consrh auger bgn srh print
material taun0=125e-9 taup0=125e-9 NSRHN=1e17 NSRHP=1e17
impact selb326
method 2nd tauto autonr
] Solving ]
] Solving for current - change to current electrodes
solve initial
contact name=anode current
] Solving for current
log outf = solvedForCurrent.log
solve initial
solve ianode = 0
solve ianode = 1e-12
solve ianode = 10e-12
solve ianode = 100e-12
solve ianode = 1e-9
solve ianode = 10e-9
solve ianode = 100e-9
solve imulti ianode = 1e-6 istep = 1e-6 iﬁnal = 10e-6 name=anode
] OUTFILE=THzModulator.00 master
] Log OFF ]
log off
] Tony plot ]327
tonyplot
] Quit ]
quit328Appendix J
N+ contacts proﬁlometer tests
Figure J.1. – 2D metalization proﬁle of N+ contacts of a 15µm modulator330
Figure J.2. – 3D metalization proﬁle of N+ contacts of a 15µm modulator331
Figure J.3. – 2D metalization proﬁle across a N+ ring contact of a 15µm modulator332Appendix K
Aperture measurements – focused laser
pointsK.1. FIRST MEASUREMENT SERIES: EFL = 152.4MM 334
K.1 First measurement series: EFL = 152.4mm
Scanning over the horizontal dimension (X-axis)
Figure K.1. – Spot size proﬁle along the horizontal axis for EFL = 152.4mm and
λ = 118µm. Power distribution over the spot proﬁle was calculated us-
ing MatLab.
Figure K.2. – Spot size proﬁle along the horizontal axis for EFL = 152.4mm and
λ = 96µm and λ = 184µm. Power distribution over the spot proﬁle was
calculated using MatLab.K.1. FIRST MEASUREMENT SERIES: EFL = 152.4MM 335
Scanning over the vertical dimension (Y-axis)
Figure K.3. – Spot size proﬁle along the vertical axis for EFL = 152.4mm and λ =
118µm.K.1. FIRST MEASUREMENT SERIES: EFL = 152.4MM 336
The ’skew’ experiment
A brief experiment was conducted during the tests to verify to what extent the shape
of the scanned proﬁles depends on the setup alignment. The axis of the focusing mirror
was skewed in the X/Y directions by approximately 1.5mm off its base position. As seen
in graphs K.3 and K.4, no dramatic change in any of the measured proﬁles has been
observed. None of the spot proﬁles in the skewing experiment has been normalized with
regard to the laser power ﬂuctuations.
Figure K.4. – Skewing the position of the spot size in the X direction.K.2. FIRST MEASUREMENT SERIES: EFL = 76.2MM 337
K.2 First measurement series: EFL = 76.2mm
Scanning over the horizontal dimension (X-axis)
Figure K.5. – Spot size proﬁle along the horizontal axis for EFL = 76.2mm and
λ = 118µm. Power distribution over the spot proﬁle was calculated us-
ing MatLab.K.2. FIRST MEASUREMENT SERIES: EFL = 76.2MM 338Appendix L
Measurement uncertainties in the
aperture transmission experiment
Calculations of ∆PLaser
The most important factors that impact ∆PLaser relate to scaling the power meter output
and also to the fact that the power measurements were done indirectly by comparing
corresponding readings of two different power meters.
Throughout the time of this project, no reliable and direct method of the THz laser
power measurement was available. Instead, the readings of two different power meters
and a pyro-detector were cross-compared to devise a simple technique for THz power
monitoring in the experiment.
A calibrated THz power meter was used ﬁrst to measure the laser’s output power.
The meter was provided by Edinburgh Instruments Ltd. and available only for a short
period of time. The readings of that meter were compared against the THz power levels
measured with an uncalibrated SPX-1000 far-infrared power meter. The latter instrument
is owned by the Infrared Science and Technology Group. The ﬁrst source of uncertainty
arises from the fact that at the time of those measurements the laser output was not
stabilized properly. The laser’s output power was therefore prone to change between the
subsequent measurements. In that sense, two subsequent readings – for the EI Ltd meter340
and SPX-1000 – may not represent the same power level.
During the sub-wavelength THz aperture transmission tests, the laser output power
was monitored with a pyro-detector embedded into the laser’s stabilization setup. The
output of the laser’s pyro-detector – provided in volts – was referenced to the power
readings acquired using the SPX-1000 meter (now crudely “calibrated” thanks to the
earlier comparison against the Edinburgh Instruments Ltd. output). This additional cross
comparison between two different meters constitutes the second source of uncertainty
in the complete measurement chain.
Calculations of ∆PIn-dist
As shown in appendix K, the focused laser spots were found to be highly distorted along
the horizontal axis. The distortion results in non-gaussian intensity proﬁle of the focused
spots. ∆PIn-dist accounts for that intensity distortion. The value of ∆PIn-dist corresponds
to the amount of optical power which is contained within the distorted portion of the
spot.Appendix M
“FIR-scan” application
Figure M.1. – FIR-scan program – graphical user interface342Appendix N
QMC characteristics
Figure N.1. – QMC spectral response344
Figure N.2. – QMC noise responseAppendix O
FIR controller circuit346
Figure O.1. – USB hub circuit347
Figure O.2. – uC circuit - shown with LCD and programming interface
Figure O.3. – Power supply circuit with voltage reducer348
Figure O.4. – Fan-out circuit with crystal quartz oscillator and fan-out buffers marked
schematically
Figure O.5. – Fan-out buffers shown in detail349
Figure O.6. – Pixel channel conﬁguration350
Figure O.7. – I2C multiplexer and laser diode enablerBibliography
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